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Abstract
Biological systems are often very efficient and the photosynthetic pathway of R. Sphaeroides
is a highly efficient example. Controlling the diffusion of biological molecules leads, in
part, to the high efficiencies. Using biologically inspired designs may lead to more efficient
devices but require control of diffusion. This thesis presents possible mechanisms that can
be used to facilitate this by examining diffusion, with fluorescence correlation spectroscopy,
of polymeric analogues for parts of the photosynthetic pathway.
Poly(ethylene glycol) (PEG) was diffused on patterned surfaces of poly(oligo[ethylene
glycol]methyl ether methacrylate) (POEGMA) brush. Square grids of POEGMA mimic
the architecture of the cell membrane and simulate the confinement in the cell membrane.
A slow mode of surface diffusion is observed that corresponds to PEG trapped in the
grid. The level of confinement is lower than in the cell membrane, (45.6±2.6)% rather
than ∼100%, but this is explained by the nature of the systems. Biological molecules are
highly interactive while PEG and POEGMA are quite inert. This suggests that while the
chemistry of a system is important, structure has a strong impact on diffusion regardless
of the materials used.
The responsiveness of the cytosol was modelled by poly(glycerol monomethacrylate)-block-
poly(2-hydroxypropylmethacrylate) (PGMA-PHPMA) diblock copolymer nanoparticles
in water and the diffusion was examined as a function of temperature and pH. PGMA-
PHPMA nanoparticles form cylindrical micelles (rH = 58± 18 nm) at ambient conditions,
producing a freestanding gel. Lowering either the solution temperature, or increasing the
pH, induces a morphological ‘worm’-to-‘sphere’ transition. The spherical micelles (from
rH = 16.3 ± 0.3 to rH = 6 ± 4 nm) are accompanied by degelation and an increase in
diffusion coefficient of a factor between four (temperature) and eight (pH).
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Chapter 1
Introduction
This thesis will examine portions of the photosynthetic pathway of Rhodobacter sphaeroides,
and in particular the diffusion of charge carriers through the pathway. By recognising the
similarities between the goals of the photosynthetic pathway and those of humans, some
of design principles that make photosynthesis so effective will be examined.
To allow the examination of diffusion within the photosynthetic pathway a set of analogous
polymeric systems will be produced and observed using fluorescence correlation spec-
troscopy (FCS). A set of patterned polymer brush surfaces will be produced to examine
the portion of the photosynthetic pathway that occurs inside the cell membrane of the
bacteria, while a block copolymer gel will be used as an analogue for the cytosol of the
bacteria. This chapter will justify the use of these polymeric systems in the context of the
bacterium. There will also be a discussion concetning why it is desirable to examine the
photosynthetic pathway of R. Sphaeroides, as well as the basic theory for in the design of
the analogous systems and understanding of results.
This thesis will demonstrate how suitable surfaces can be designed and manufactured,
as well as how these surfaces can be used to control the diffusion of a polymer. This
control can be compared favourably with the behaviour commonly observed in eukaryotic
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cells, and demonstrates how the structure of a surface can have a significant impact on
the diffusion of a polymer by confining the polymer to a specific region of the surface.
The action of a polymer gel, with regard to temperature and pH changes, will be used to
suggest a possible mechanism for the control of diffusion within the cytosol of the cell.
A significant change in diffusion is observed with changes in either parameter, and this
could be used to add directionality to the random motion, usually observed in diffusion,
so as to guide molecules of interest to a specific area.
Finally, the results of the two studies will be used to discuss the photosynthetic pathway
as well as to suggest possible designs for devices using the results. Future work to extend
this thesis will be suggested and discussed.
1.1 Photosynthesis in Rhodobacter sphaeroides
The bacteria Rhodobacter sphaeroides obtains energy via photosynthesis. R. Sphaeroides
uses an array of just five proteins within the cell membrane to do this, illustrated in the
simple flow chart depicted in figure 1.1(a) [1]. The protein Light-Harvesting Complex
2 (LH2) enters an excited state when photons are incident upon it. This excited state
is an exciton, which hops between neighbouring LH2 proteins until it reaches the Light-
Harvesting Complex 1 (LH1) [1, 2]. Once the exciton reaches LH1, the energy is funnelled
into the photosynthetic reaction centre protein complex (RC). The LH1 proteins cluster
tightly around the RC complex allowing this energy to be transferred very quickly. This
joint LH1-RC complex acts to generate ubiquinol (QH2) by pumping protons from the
extracellular side of the membrane into the complex (figure 1.1(b)). These protons are then
bound to ubiquinone (Q) to produce the QH2. QH2 travels through the membrane itself,
between the aliphatic tails of the phospholipids, to another protein complex, cytochrome
bc1 [1, 2]. Cytochrome bc1 oxidisies QH2 back into Q, while concurrently pumping the
protons into the cytosol of the cell (figure 1.1(b)) [2]. The redox cycle of QH2 to Q
2
acts to provide a pathway for electron transfer between the LH1-RC complex and the
cytochrome bc1 complex. This, in conjunction with the proton pumping, serves to form a
trans-membrane proton gradient which is utilised by the ATP synthase protein to convert
Adenosine Diphosphate (ADP) to Adenosine Triphosphate (ATP) (the currency of energy
within the cell).
(a)
(b)
Figure 1.1: A set of figures illustrating the photosyntheric pathway of Rhodobacter
sphaeroides. Figure 1.1(a) is a simple flow chart depicting the photosynthetic
pathway of Rhodobacter sphaeroides. Figure 1.1(b) illustrates how the protons are
pumped across the cell membrane by way of the ubiquinone (Q) to ubiquinol (QH2)
cycle.
It is noteworthy that the entire photosynthetic pathway is contained in a vesicle on the
membrane, known as the chromatophore vesicle. The chromatophore vesicle is a spherical
3
Figure 1.2: The chromatophore vesicle is where the photosynthetic pathway of R.
Sphaeroides is located. The vesicle is a spherical envagination into the cytoplasm of
the cell. The figure shows the internal side of the vesicle. Green units are LH1
proteins, red units are LH2 proteins, and blue units are RC protein complexes. The
cytochrome bc1 and ATP synthase are also shown. Reproduced from [4] with
permission.
pocket that points into the cell (figure 1.2) with a diameter of around 50 nm, making it
roughly the same dimensions as the channel length within a commercial transistor [1, 2].
The photosynthetic pathway is also incredibly efficient. It converts photons to ATP at
about 3% power efficiency, while the portion of the pathway that leads to a proton being
pumped into the internal side of the cell membrane (the pathway up until cytochrome
bc1) is in the region of 90% power efficient [3].
The efficiency of the photosynthetic pathway of R. Sphaeroides is incredibly high in
comparison to artificial devices (the comparison will be addressed more fully in section
1.3). What is most interesting about the efficiency is the nature of the process that
is occuring. R. Sphaeroides uses proteins to complete the photosynthetic pathway, yet
these proteins are capable of diffusing independently of one another. To add to this the
molecules the proteins require to function are also diffusing independently. The idea that
such a process can lead to high efficiencies seems counter-intuitive. It seems clear that
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the bacteria must have some mechanisms to control diffusion, to reduce the inherent
randomness of the motion so that these efficiencies can be achieved.
This thesis will address the idea that the cell has strategies to control the diffusion
of molecules. Membrane mobility will be considered, particularly with regards to the
motion of proteins and charge carriers. The response of the cytosol, and by extension the
cytoplasm, will also be discussed with regards to the diffusion of molecules of importance
to the photosynthetic pathway. It is strongly emphasised that these topics are not only
applicable to the photosynthetic pathway of R. Sphaeroides, but also to any process that
takes place within the membrane or cytosol of any cell.
1.1.1 Membrane Mobility
Cell membranes are made up of phospholipids and proteins (for an in depth discussion
of membrane structure see section 1.5) [5]. Lipid mobilities are known to be faster in
artificial membranes than in cell membranes, and similarly protein diffusion is known to
vary in the same way (see table 1.1 found in section 1.5). The slowing is seen as a short
term confinement of diffusing species to regions of the membrane [6]. In this way, the
parts of the photosynthetic pathway (or any other process) can be kept in close proximity
so as to increase efficiencies.
The action of the LH2 complex to collect a range of wavelengths of light is clearly
an important factor in the efficiency of the photosynthetic process. However, once the
photon of light is absorbed the proteins responsible (a variant of chlorophyll) must transfer
the energy between themselves until the excited state can be passed to the LH1-RC
complex. There can be no energy conversion if the excited state is simply allowed to
dissipate, and certainly the vast majority of photons absorbed must be transferred to the
LH1-RC complex for the startling level of efficiency to be possible. It could be argued
that the cell just needs to have a suitably large number of complexes, both LH2 and
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LH1-RC, to ensure this is the case. The LH2 complexes must be kept close enough to
each other to facilitate transport of the excited state and must be close enough to the
destination of the transfer, the reaction centre. We know the photosynthetic pathway is
only used within the chromatophore vesicle. The proteins responsible are packed into the
membrane such that they are only found in the vesicle. This packing can be taken as the
biological system controlling the diffusion to ensure the complexes stay close to one another.
The ability of R. sphaeroides to control the diffusion of membrane molecules is per-
haps most clearly exemplified by the transport of ubiquinol from the LH1-RC complex
to the cytochrome bc1. This raises several questions pertaining to how this control is
determined and it is therefore pertinent to discuss the membrane structure in greater detail.
There are many other examples of cell membrane based processes and many of these
processes demonstrate the ability of the cell membrane to regulate the position of proteins
both spatially and temporally. An example of this is oligomerisation-induced trapping
(OID), where the process of proteins forming dimers and oligomers, reduce their apparent
diffusion coefficient and become traped within a certain region of the membrane [7, 8].
This is of particular use in sensing, as this process makes it explicit where the a signal
was incident upon the cell [9]. The mechanism behind this process is believed to be the
involvement of the membrane skeleton (MSK) which is present in all cells.
Section 1.5 discusses the idea that the MSK acts as barriers that are used by cell
membranes to prevent proteins from moving away from their required regions of the
membrane. Two specific examples are provided (the polarisation of the neuron cell and
the sensing of stimuli) that demonstrate the ability of the cell membrane to control
diffusion so that processes can be completed efficiently.
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1.1.2 Cytoplasmic Response
The Cytoplasm is the region of the cell that is bounded by the cell membrane, compromis-
ing the cytosol and the cells organelles. The cytosol is the gel-like substance that can be
viewed as the matrix that the organelles are suspended in. The cytosol contributes up to
55% of the cell volume [5]. A gel is a very fitting description of the cytosol as it consists
of roughly 20% (by weight) protein, which is a similar proportion of macromolecules in
polymer gels.
The proteins of the cytosol perform a wide range of tasks, but are predominantly treated
as being responsible for intermediary metabolism (for instance liberating energy from
sugars and ATP) [5]. The cytosol is also often the location of proteins that are required
for forming complexes at the cell membrane. The signalling mechanisms involving the
CD59 protein demonstrate the idea that membrane mobility is controlled by the cell.
The signalling mechanism also requires the protein Gαi from the cytoplasm to activate
the complex and the PLCγ protein to release the signal into the cell as IP3 molecules
[9]. This suggests that there is some way to effectively get proteins to the regions of the
cytosol where the proteins are required to do their intended purpose. The alternative
is that cytosol is saturated with every macromolecule, such that any process will have
a large number of the required molecules in close proximity. The idea that the cytosol
contains only 20% macromolecules (by weight) suggests this is not the case.
It seems desirable to have some control over diffusion in the bulk in response to stimuli
bought about by the photosynthetic pathway (such as local pH) of R. Sphaeroides. By
having some method of control, the cell would be able to maximise the number of protons
that reach the ATP synthase protein and subsequently opimize the energy conversion that
is possible.
The decrease in power efficiency from 90% (to the point in the pathway where cy-
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tochrome bc1 oxidises ubiquinol) to 3% (the end of the pathway where ATP is produced)
is obviously very large, and in a device this loss would need to be minimised. Some of
this decrease is unavoidable, as previously described the pathway allows for two protons
to be pumped across the cell membrane, one at the LH1-RC complex and a second at
the cytochrome bc1. In the simplest description possible, ATP synthase is a rotating
generator that produces ATP as it turns [10]. To allow it to turn it requires protons,
which it pumps across the cell membrane in opposition to those pumped over during the
rest of the pathway. The number of protons required for the rotational motion varies
with the ATP synthase itself, each species has a slightly different sequence of amino acids
and as such, there can be differences in how the ATP synthase rotates. In the case of R.
Sphaeroides, the protein rotates in 120o angles (90o as each proton is used followed by
a further 30o turn as the ATP synthase orientates itself) as it pumps protons, meaning
that three protons are required for a full revolution [11]. In addition to this, a fourth
proton is required to bond the phosphate group to the ADP molecule so as to produce ATP.
The cytosol, the fluid that makes up the cytoplasm, consists of three main compo-
nents; water, ions and macromolecules. While it is possible for the cell to use the ions
within the cytoplasm to allow for this process, it should be noted that the concentration
of ions remains quite stable [12]. Using this as a starting point, it can be summised that
the four protons required come from the photosynthetic pathway itself.
Four protons requires two photons to be absorbed by the light-harvesting proteins. This
means that as an upper limit, the power conversion efficiency would be bounded to 45%
for the entire pathway. This works on the basis that every proton was used. Clearly this is
not the case as the true efficiency is 15 times smaller than this ‘perfect’ value. Therefore
protons must ‘escape’ the system somehow.
The first candidate to explain the reduction is the number of ATP synthase proteins
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present. There is a single ATP synthase for each vesicle [2], meaning that each protein
must collect pumped protons from roughly 8000 nm2 of membrane. Considering that the
ATP synthase itself is a roughly cylindrical protein, with a radius of roughly 5 nm, it seems
impressive that the protein can manage to collect one proton in every fifteen produced.
In terms of device design, the introduction of more proton collecters would conceivably
rectify the majority of the reduction. It could be postulated that R. Sphaeroides simply
does not require more ATP synthase proteins as the amount of ATP produced is sufficient
for its needs. The cell would therefore not produce any more ATP synthase proteins. This
logic will be discussed in section 1.2.
The diffusion of protons in three dimensions will be occur very quickly, with no constraints
the protons will diffuse randomly. While possible, it intuitively feels unlikely that even
as many as one proton in fifteen will make it to the ATP synthase without some form
of help. Simple order of magnitude calculations suggest that the ATP synthase protein
takes up only 1% of the area of the chromatophore vesicle, while collecting 7% of all
protons. This argument of scale, in conjunction with the idea that the protons will diffuse
randomly, is enough to suggest that there is some additional method for controlling motion.
In terms of diffusion, it is plausable that gradients (be that chemical, charge or some other
type of gradient) might be used to direct motion within the cytosol. Gradients have been
used with polymers to direct diffusion [13, 14, 15]. These ideas will be developed fully in
section 1.4 & 1.6.
1.2 Biological Processes and Evolution
It is well known that biological systems are exceptionally well adapted for their purposes.
Due to natural selection over four billion years, nature has produced techniques to deal
with most desirable processes and these techniques are as efficient as required. Nature
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has not wasted time and energy making them more elaborate or complicated than is
necessary; crucially if there is a threshold that needs to be met, nature will meet it rather
than waste energy exceeding it. Examples such as the appendix could be used to counter
this point, but it should be noted that at some point the appendix was required and that
now it is surplus to requirement it is being lost in many races due to natural selection. If
a process is only required to be 50% efficient a biological system will deem this sufficient
and not aim for any higher. This is not supposed to suggest that biological systems are
ill-designed but simply that there is generally a reason for a certain design. Although
there are usually built in redundancies (like the appendix), in most cases these are evolved
out if they place unnecessary energy strain on the system.
In general, biological processes are incredibly efficient. Some of these processes have
analogues as artificial processes; for example in terms of sensing, energy collection and
processing of materials and photosynthesis is one example of a complete process humans
would be interested in. It seems sensible to compare how we as humans use artificial
means to reach the same end product as nature and to see what it is possible to learn
from these systems.
Evolution is constrained by physical laws and as such biological processes cannot perform
‘magical’ processes (for example, Maxwell’s Demon) that we as human beings cannot
replicate. Biological systems must still follow the laws of thermodynamics and as a conse-
quence these systems can theoretically be replicated outside of the biological environment.
Evolution by natural selection is change due to environmental factors, be that disease,
climate, or competition; spontaneous mutation is a further method of change.
The key point to remember about evolution is that any successful traits or systems
come about due to competition. Processes advance only enough so as to give an edge over
others, whether that be across different species or within a species. Humans however are
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somewhat different in this respect as, for all intents and purposes, we have no competition
through which to advance in the strictest sense of evolution. Rather it could now be
argued that humans change their environments to suit themselves rather than adapting
to it. It could be further argued that humans are actually in competition with their
environment and this can be taken even further to suggest that humans compete with the
universe itself. It is therefore critical for processes to maximise their efficiency, since for a
species for survive in the long term it needs to be as efficient as physical laws allow.
Bacteria have the means to complete thousands of processes under a variety of con-
ditions. Typically these cells are smaller than those of eukaryotic cells, such as those
within our own bodies, being typically between 0.5 µm and 5.0 µm [5]. Often it is desirable
for these cells to complete processes that produce outputs that we, as humans, might
need. These biological processes are inherently stoicastic being driven by diffusion and
controlled by complex inputs such as chemical gradients.
Biological systems are also adept at miniturisation. If the photosynthetic pathway of R.
Sphaeroides (taking place on a vesicile which is only 50 nm in diameter) were taken in the
context of integrated circuits two points can be made. Firstly, while a single transistor is
capable of only one ‘job’, be that amplifying or manipulating signals, the chromatophore
vesicle of roughly the same size is capable of an entire photosynthetic pathway. Secondly,
this should really only be compared with traditional designs of transistors rather than
the more esoteric examples being produced currently. To keep pace with the predictions
of Moore’s Law, transistors based on single atoms, spintronics and tunnel junctions are
being produced in labs, which can be smaller than the length scale of the chromatophore
vesicle. This is of course a stunning example of humans sidesteping the problem at hand
in terms of miniturisation (such as the physical limits imposed by production methods) to
come up with a new approach and render those problems moot. It cannot be said whether
biological processes could scale down further, there is simply no evolutionary advantage
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to being smaller.
The message that this should convey is that while a biological process is efficient, because of
the way biological processes develop there is often room for improvement. R. Sphaeroides
collects light from a specific region of the electromagnetic spectrum but it would be
advantageous in an artificial device to collect from a wider range. To develop improved
devices based upon biological processes it is necessary to understand the principles of the
biological process so as to produce an artificial equivalent.
1.3 Photovoltaic cells and the photosynthetic path-
way
All modern technologies are based upon engineering principles in some form or another.
This means that intrinsically, all these systems have binary inputs that are deterministi-
cally processed to reach a certain output. If a current A is put into a device B, the output
C will occur every time. In doing this, the technologies are as good as our understanding
of the procedures that the device B can handle. By understanding the process well, we
will know how modifying the input will affect both how the operations of the device and
how the output changes. A full understanding of the underlying principle also allows us
to know the limits of the device in great detail.
By means of comparison to the photosynthetic pathway of R. Sphaeroides, a man-made
device using similar principles would be a photovoltaic. A traditional photovoltaic cell is
constructed of hard semiconductors such as silicon. In the simplest terms, when light is
incident on a photovoltaic cell the photons are absorbed by the semiconducting material.
This allows for the liberation of electrons from their atoms allowing the electrons to flow
through the material. Due to the construction of the cell the electrons are only able to
travel in one direction and therefore electricity is produced and collected (this process is
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discussed in more detail in appendix A.1).
A single p-n junction crystalline silicon device is theoretically limited to a power ef-
ficiency of 33.7% based on the Shockley-Quiesser limit [16]. The extreme case of a
multijunction cell with an infinite number of layers, each layer absorbing a different region
of the electromagnetic spectrum, has a corresponding limit of 86% under concentrated
light [17]. The most efficient solar cell actually produced at the time of writing ( produced
in December 2014) is 46% power efficient and was produced at the University of New
South Wales [18]. The device has four solar subcells arranged so that three of the cells
collect sunlight from a range of wavelengths while a fourth collects excess light that is
reflected by mirrors and filters.
An organic solar cell has much more in common with the photosynthetic pathway of
the R. Sphaeroides bacteria as it is formed from soft matter rather than traditional
semiconductors. The most common characteristic of a material used for an organic solar
cell, whether it is a small molecule or a polymer, is conjugation (that is a region of
alternating double and single covalently bonded carbon atoms). In the simplest terms,
a double bond is formed when the electrons in each atom’s pz orbital delocalise to form
a bonding orbital between both atoms (pi orbital), while also forming another orbital,
known as the antibonding orbital (pi* orbital). The electron’s most energetically favoured
state is to be in the pi orbital, while the pi* state acts as an excited state. This makes
the pi orbital the highest occupied molecular orbital (HOMO) while the pi* is the lowest
unoccupied molecular orbital (LUMO). The difference in energy between these two states
can then be treated as a classical band gap and generally that band gap is between 1-4
eV.
When light is incident on a suitable organic photovoltaic material, the photon causes an
excited state to be formed that is then confined to the molecule if it is small, or to a
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region of the polymer chain if it is large. The excited state, with an electron in the LUMO
and a hole in the HOMO acts as an electron-hole pair bound together by electrostatic
interactions. This is commonly referred to as an exciton. When used in a photovoltaic
cell this exciton needs to be separated and the process is much the same as in a tradition
semiconductor cell, an effective field is required.
The simplest organic photovoltaic is formed by placing a single layer of an organic
electronic material between two metallic conductors (figure 1.3). The metallic conductors
are always different materials, selected so that the materials have different work functions.
For example, typically Indium Tin Oxide (ITO) is used for one conductor because it
has a high work function. In contrast, the second is usually a low work function metal
like aluminium. This difference in work functions produces an electric field across the
conductive organic layer. This means that when light is incident and an exciton is formed,
the difference in potential of the two metal conductors helps to separate the exciton,
allowing the electron to go to the positive electrode and the holes to go to the negative.
The electrodes are electrical conductors that are in contact with an organic part of the
device.
Figure 1.3: A schematic diagram of the design of a single layer organic solar cell
Cells with this type of construction were the earliest to be examined, with Phthalocyanine
used as the organic layer. As early as 1958, it was shown that a cell constructed with an
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active layer of magnesium phthalocyanine (MgPc) led to a photovoltage of 200 mV [19].
Ghosh et al. (1974) recorded a photovoltaic efficiency of 0.01% when a cell with the same
active layer was illuminated at 690 nm [20].
Single layer organic cells are not efficient enough to be a suitable design yet problems also
exist with simple bilayer polymer cells and as a consequence they also do not work well
(figure 1.4). In the simple bilayer design, two polymers with different electron affinities
and ionisation energies are placed together between the metal conductors. The idea is that
in a similar way to the p-n junction, an electric field will be formed across the interface
between the two polymers. In theory, if one layer is an electron donor and the other an
electron accepter, the force exerted by the field can be large enough to split the exciton.
The major problem with this set up is one of scale. An exciton will typically diffuse 10
nm within an organic electronic material. In order for the exciton to be split, it must
reach an interface between the polymer layers. This means the thickness of the layers
should ideally match the diffusion length of the exciton, so that all excitons formed can be
separated. To capture enough light to actually form excitons the layer thickness needs to
be much larger than this, typically 100 nm. Only a small amount of the formed excitons
can actually be captured and separated.
Figure 1.4: A schematic diagram of the design of a bilayer organic solar cell
To remedy the problems associated with being unable to split the excitons, the electron
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accepter and donor can be mixed into a blend. If the accepter and donor are selected
carefully, the blend will separate to form domains of accepter and donor (Figure 1.5). If
the lengthscale of the blend is roughly the same as the lengthscale of the exciton diffusion
length then the majority of excitons will be separated at the interface between accepter
and donor regions. These types of cell are much more efficient than the other types
of organic solar cells and are referred to as organic heterojunction cells. A cell using
Buckminsterfullerene (C60) as an accepter and polyphenylene vinylene (PPV) as a donor
achieved a power conversion efficiency of 2.9% [21].
Figure 1.5: A schematic diagram of the design of an organic heterojunction solar cell
With respect to the energy efficiencies seen in R. Sphaeroides, the conversion of light
to ATP and sugars is in the region of 3% [3]. At first glance this seems on par with
the organic solar cells, yet it should be noted that the photosynthetic pathway is more
equivalent to a solar cell charging a battery. A more comparable system would be to
consider the photosynthetic pathway to the point that ubiquinol is oxidised. As previously
stated, this is the equivalent of electron transfer and the diffusion of the ubiquinol is
therefore comparable to the flow of current. In this case, the process is much more efficient
with the conversion of photons to charged molecules reaching ∼90% [3]. This level of
efficiency is far superior to even the most advanced semiconductor device.
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1.4 Biological Analogues
It has been demonstrated that biological processes are very efficient. The example of
photovoltaics and the photosynthetic pathway demonstrate very clearly that biology can
often be more efficient than the equivalent artificial process. This observation has led to a
whole branch of designs and research that aim to take advantage of the way biological
processes work
Biomimetic technologies aim to use the processes observed in nature as some of the
operating principles in artifical devices. A crucial factor in bioinspired work is that the
material used do not have to be consistent with those seen in the cell. The arguments in
section 1.2 illustrate that biological processes are as efficient as the system is required to
be for that individual. It is therefore down to humans to take these processes and make
them as efficient as we require them to be. One way of achieving this is to understand the
biological system, so that the limitations are known and can then be pushed further.
The work in this thesis aims to produce biologically inspired systems that can be used to
examine fundamental aspects of the photosynthetic pathway in R. Sphaeroides. Section
1.5 describes the structure of the cell membrane as a partitioned fluid. The use of polymers
to produce an analogue of the cell membrane structure serves as a method of examing
the impact that basic structure has upon diffusion. This makes it possible to remove the
complex behaviours seen in biological membranes and to simply observe diffusion on a
structure. This analogue would then form the basis of a biomimetic system that would
fulfil a job similar to a membrane protein process.
Similar arguments can be made for treating the cytosol of a cell as a polymer gel,
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to understand some fundamental behaviour that will be built upon to produce a func-
tioning biomimetic system. A key with the biological analogues used in this thesis are
that they are the simplest system that could be used. The desire to then build upon the
system, and then integrate these systems will drive future research and development so
that not only is an understanding of fundamental diffusion processes increased but that
biologically inspired devices and analogues can be produced.
1.5 Membrane Structure
The structure of the cell membrane has been under intense scrutiny for almost 100 years.
The first time that the importance of lipids was acknowledged was in 1925 by Gorter
and Grendel [22]. It was correctly determined that the membrane is predominantly
constructed of lipids and from experiment it was concluded that this membrane was
two molecules thick (figure 1.6(a)). Gorter and Grendel also established the orienta-
tion of the polar groups, implying that in aqueous conditions the polar head group is
in contact with the water molecules while the aliphatic tails are protected inside the bilayer.
This idea of a lipid bilayer was absorbed into the Davson-Danielli model of 1935 [23].
Danielli had made measurements of surface tension on lipid bilayers and believed that
the observed surface tension could not arise solely from phospholipid head groups. The
solution proposed was to sandwich the lipid bilayer between sheets of globular protein
(1.6(b)). However, it is now known that the phospholipids head groups can produce the
surface tension measurements observed, proving this suggested structure to be incorrect.
Despite this the addition of proteins into the model of cell membrane structure was a
signifcant step forward.
The Davson-Danielli model remained the accepted way of envisioning the plasma mem-
brane until 1972, when Singer and Nicholson proposed the Fluid Mosaic model [24]. The
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flanking membrane layers were abandoned and were therefore replaced with transmem-
brane proteins (1.6(c)). The model considered the membrane as a two-dimensional liquid
through which lipids and proteins could easily diffuse. Singer and Nicholson recognised
that on their own, lipids will form these two dimensional liquids, yet they also pointed to
the large proportion of proteins within the membrane, suggesting that the proteins act to
provide structure to the membrane with the lipids acting as a matrix. The name of the
model comes from the idea that the proteins could be treated like the tiles of a complex
mosaic. The lipids form the mortar between the tiles. The proteins are capable of forming
complexes but once this is the case they become stable and have minimal protein-protein
interactions. This leads to the suggestion that there is no long range order in the mosaic
pattern, a fact that was borne out with experimental evidence. Singer and Nicholson
therefore suggested that non-random distributions of proteins were only formed by some
agent extrinsic to the membrane, and that this could be either inside or outside of the cell.
In 1975, Saffman and Delbru¨ck published “Brownian Motion in Biological Membranes”
[25]. They described the membrane as a thin layer of viscous fluid that is surrounded
by a bulk liquid with very low viscosity. Their model made it possible to use diffusion
coefficients to infer the size of nanoscale objects like proteins. The extensions by Hughes,
Pailthorpe and White allowed for the description of objects with any size [26]. This
allowed for the incorporation of micron-scale objects like domains of lipids.
The Saffman-Delbru¨ck (SD) model, also known as the 2D Continuum Fluid model, and
the Fluid Mosaic model are both consistent with treating the cell membrane as roughly
homogeneous. While the Fluid Mosaic model explains the gross structure of the membrane,
the SD model describe the way molecules should travel through the plane of the membrane.
A typical transmembrane protein is treated as a cylinder in the SD model, with the
height of the cylinder (h) being equal to the thickness of the membrane and the radius of
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(a)
(b)
(c)
Figure 1.6: The progression of models describing the structure of the cell membrane
from the Gorter-Grendel model (a) to the Davson-Danelli model (b) to the Fluid
Mosaic model (c). Black circles represent the phospholipid head groups while the
black lines represent the phospholipid aliphatic tails. The red blocks represent
proteins.
the cylinder is a. The viscosity of the two dimensional fluid (the cell membrane) is given
by η, while the viscosity of the surrounding medium is given as η′. The SD model gives
the diffusion coefficient of transmembrane proteins as:
DT =
kBT
4piηh
(
log
(
ηh
η′a
)
− γ
)
, (1.5.1)
Dr =
kBT
4piηa2h
. (1.5.2)
Where DT is the translational diffusion coefficient of the protein, Dr is the rotational
diffusion coefficient and γ is Euler’s Constant.
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Over the course of 30 years, these intertwined models were accepted yet there were
many observations that could not be reconciled with them. Two critical experimental
observations that could not be explained by membrane biologists were:
• The diffusion coefficient of both proteins and lipids was much lower in plasma
membranes than in artificially reconstructed membranes (Data demonstrating this is
presented in table 1.1). The decrease was different from cell to cell, yet was generally
between a factor of 5 and 50.
• When membrane constituents form complexes their diffusion coefficient drops dra-
matically or the molecules are sometimes immobilised completely [27, 28, 29]. By
way of an example, consider the protein E-cadherin which can cluster to form
oligomers of various sizes from dimers up to clusters of tens of the protein [7]. Upon
oligomerisation the diffusion coefficient decreased by up to a factor of 40 in the
case of the largest clusters. Also artificially crosslinked lipids have been observed to
exhibit similar behaviour with diffusion coefficients dropping by factors of 5 [8]. This
is in disagreement with the SD model, which predicts that the diffusion coefficient
is largely unchanged when the size of the diffusant is varied. A typical value for
the radius of a transmembrane protein is 0.5 nm. When four such proteins form a
tetramer, thereby increasing their radius by a factor of 2, the SD model predicts
(through equation (1.5.1)) that there is a decrease in the diffusion rate of only 1.1.
Indeed, a decrease in diffusion of only 1.4 is predicted for a complex formed from
100 proteins.
These two problems indicate a need for another model that can explain both situations
satisfactorily.
Some further experimental results, using a technique called single particle tracking (SPT),
shed some light on possible structures. Single particle tracking makes use of very fast cam-
era technology to follow the motion of a particle. Typically the particle is a colloidal particle
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Probe-
Protein1
Artificial membrane
or Cell type2
Method
Effective D
(µm2s-1)
Time window
for D (ms)
Temp
(oC)
Ref
Fl-Integrin
αllbβ3
DMPG:DMPC=1:1 FRAP 0.7 (±0.06) ∼5000 33 [30]
Fl-Fab-
Integrin
β1
AG1518 FRAP
0.058
(±0.002) 3000 37 [31]
Fl-Thy-1 DOPC:SM=1:1 FRAP 0.58 (±0.04) 1500 24 [32]
Gold-Thy-1 C3H 10T1/2 SPT
0.081
(±0.007) <6600 37 [33]
Fl-AchR DMPC FRAP 2.4 (±0.8) 2600 36 [34]
Rh-AchR Rat Myotube FRAP
0.016
(±0.003) 44 000 37 [35]
Fl-
Glycophorina
DMPC FRAP 2 3000 30 [36]
Fl-
Glycophorina
DMPC FRAP 4 (±2) 1500 30 [37]
Fl-
Glycophorinb
Erythrocyte (in-
tact)
FRAP
0.0036
(±0.0017) 10 0000 37 [38]
Fl-
Glycophorinb
Erythrocyte (ghost) FRAP
0.047
(±0.021) 10 0000 37 [38]
1Fl-Integrin αllbβ3, fluorescein-isothiocyanate (FITC)-labeled integrin IIb3; Fl-Fab-
Integrin β1, FITC-labeled TS2/16 Fab fragment bound to integrin 1; Fl-Thy-1, FITC-
labeled Thy-1; Gold-Thy-1, Colloidal Gold-labeled Thy-1; Fl-AchR, fluorescein-labeled
bungarotoxin bound to acetylcholine receptor; Rh-AchR, tetramethylrhodamine-
labeled bungarotoxin bound to acetylcholine receptor; Fl-Glycophorina, FITC-labeled
glycophorin; Fl-Glycophorinb, fluorescein-thiosemicarbazide-labeled glycophorin.
2DMPG, 1,2-dimyristoyl-sn-glycero-3-phosphoglycerol; DMPC, 1,2-dimyristoyl-sn-
glycero-3-phosphocholine; AG1518, AG1518 human foreskin fibroblast; DOPC, 1,2-
dioleoyl-snglycero-3-phosphocholine; SM, sphingomyelin; C3H 10T1/2, C3H 10T1/2
mouse embryo fibroblast.
Table 1.1: The observed difference in diffusion coefficient of proteins when observed
in cell membranes (in red) and artificial membranes. A secondary observation is
that the time window used to measure the diffusion coefficient has an impact on the
diffusion coefficient that is measured. All uncertainties are standard deviations from
the mean.
of gold that is attached to the molecule of interest. In 2002, Fujiwara et al. [6], observed
that the behaviour of lipids in the membrane could not be caused by simple thermally
induced Brownian motion. The lipid, specifically l-α-dioleoylphosphatidylethanolamine
(DOPE) tagged with colloidal gold particles of 40 nm diameter, underwent short term
confinement followed by hopping between areas of confinement in the long term. This
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process was referred to as hop diffusion. It was observed that this was a common occur-
rence, with more than 85% of collected trajectories demonstrating this behaviour.
Figure 1.7: Trajectories of lipids in a NRK cell membrane at various framerates as
recorded using SPT [39]. Reproduced with permission.
Hop diffusion behaviour was observed at a time resolution of 25 µs (or a frame rate of
40500 s-1) which is over 1000 times faster than standard video rates. When the same
experiment is completed at a slower observation rate (33 ms), the behaviour of hopping
is not observed but rather the diffusion is seen to proceed as previous experiments have
recorded. That is, the diffusion in a cell membrane is slower than that on a reconstructed
membrane of liposome.
The experiments of Fujiwara et al. used normal rat kidney epithelial (NRK) cells [6], and
evaluations of the trajectories with specialised software showed that there were submicron
sized compartments that hindered translational diffusion through the membrane. This
software was able to extract information concerning the size of the compartment, the
diffusion coefficient both within and outside the compartment, as well as the average
residency time before a hop to a neighbouring compartment. NRK cells were shown to
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have compartments which were around 230 nm across, with an average residency time
of 11 ms. This would indicate that the hop diffusion nature would not be observable by
standard video rate technologies at 33 ms.
Within the compartment itself, diffusion of DOPE is comparable to that observed in
liposomes. This suggests that within a compartment the molecule exhibits normal simple
diffusion. It should also be stressed that this behaviour is not limited to this study of
NRK cells with SPT. Other groups have observed the same hop diffusion behaviour in
subsequent years. The study of Murase et al. [8], demonstrated that a wide range of
mammalian cells exhibit this behaviour. The study presented data in agreement with
Fujiwara et al. concerning the size and residency time in NRK cells [6], but also showed
that a wide range of compartment sizes (30 nm to 230 nm) and residency times (1 to 17
ms) existed in other cells.
Hop diffusion has not only been observed in lipids but has also been seen in trans-
membrane proteins. This seems to be consistent throughout all transmembrane proteins,
with observation of hop diffusion seen in E-cadherin [40], transferin [41], α2-macroglobulin
[41] and the Band 3 protein [42], all of which were observed by just one research group.
The theory proposed to explain hop diffusion in the cell membrane was that the MSK
acted in some way to partition the membrane. The MSK has multiple functions, though
primarily it acts to give the cell shape and is responsible for resisting mechanical defor-
mation. It is also known that the MSK acts as a scaffold to which proteins attach. The
MSK is formed of an array microfilaments of the proteins actin and spectrin, resembling a
pearl necklace with no string.
Evidence that the MSK acts to partition the cell membrane came from the study of the
Band 3 protein in red blood cells [42]. Firstly it was shown that the Band 3 protein
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underwent hop diffusion within red blood cell ghosts. Ghost cells are cells that have had
their internal organelles removed and are commonly used in membrane biology. Roughly
two thirds of the protein was diffusing via the hop mechanism, with compartments of
110nm diameter and a residency time of 350 ms. The remaining third was shown to be
bonded to the spectrin in the MSK.
To show the involvement of the MSK, latex beads were tagged onto an immobile protein
while gold colloidal particles were tagged onto the mobile fraction. A laser beam was
then focussed on the latex bead to use as optical tweezers. The optical tweezers allow
piconewton-scale forces to be exerted on the bead and to move the bead as desired. The
bead was moved to deform the MSK as the immobilised protein is dragged with the bead.
The result of this was to drag the mobile Band 3 proteins in the direction the bead was
dragged. When the bead was returned to its original position, the mobile Band 3 returned
to a position close to where it started.
By treating the ghost cells with trypsin, a large portion of the Band 3 protein on
the inner leaf of the membrane is removed, while not affecting the actin or spectrin. If the
MSK is responsible for the confinement to partitions of the membrane, trypsin treatment
should increase the hopping rate. It was observed that the modified Band 3 did indeed
hop between partitions more regularly (six times faster), while not changing the size of
the corral or the diffusion coefficient within the corral.
The work on the Band 3 protein serves to explain why transmembrane proteins ex-
perience this hopping behaviour, in what is now refered to as the Membrane Fence model
for the way in which the MSK acts to block diffusion. However, the Membrane Skeleton
Fence model does little to explain the behaviour in lipids, particularly those on the outer
leaf of the membrane which can not come in to contact with the MSK. The solution to
this issue was proposed by Fujiwara et al. [6] and Murase et al. [8]. Both studies aimed
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to elucidate the impact of the MSK on lipids by modulating a number of membrane
molecules and structures; such as the membrane skeleton itself, cholesterol (increase
in cholesterol produces rafts of lipids), the domain of proteins in the outer leaf, and
extracellular matrices. To summerise these studies, it was found that the only parameter
which had an effect on the diffusion of lipids was that of the MSK.
To explain the effect of the MSK on lipids in the outer leaf of the membrane, the
Transmembrane Protein Picket Model was proposed [39]. Whilst with proteins the MSK
acts as a fence, lipids are affected by the proteins that are immobilised on the MSK. The
immobile pickets act to increase the viscosity of the membrane for a few nanometres
around the protein. This effect is due to steric hindrance and hydrodynamic friction effects.
If immobilised proteins are spread across the MSK at a certain density threshold then
it is clear that the protein pickets would act as a diffusion barrier. In fact simulations
completed by Fujiwara et al., demonstrated that if the coverage of the compartmental
boundary were between only 20% and 30% the observed hop diffusion behaviour could
be recovered [6]. It should be stressed that these immobilised proteins do not need to
be permanently attached to the MSK. So long as the time the protein is immobilised is
longer than the time it takes for the molecule of interest to diffuse across the boundary,
the proteins will act as barriers. By way of example the typical time it takes to cross the
10 nm ‘barrier’ formed by the protein pickets is 10 µs [39], then the protein picket need
only be bound to the MSK for a period longer than 10 µs.
The Transmembrane Protein Picket model in conjunction with that of the membrane
skeleton fence model shows why transmembrane proteins are affected much more strongly
than lipids. They are affected by both the MSK directly as well as by the protein pickets.
With this depth of experimental evidence, it is clear that the cell membrane should
26
be treated as a two dimensional partitioned fluid rather than as a continuous one. This
raises the question: why this might be useful? Previously, the control of diffusion in terms
of the photosynthetic pathway of R. Sphaeroides was discussed. There are clearly other
processes, within any cell, that would benefit from this type of control. The partitioning
of neuron cells and the sensing of external stimuli are two examples of the control of
diffusion within the cell membrane.
The neuron is split into two distinct parts, the axonal domain where the cell outputs
electric signals and the somatodendritic domain which takes the input of signals. These
two regions are quite different, with characteristic proteins that are only observed in their
own specific domain. These proteins do not mix, yet as the membrane is continuous, there
must be some barrier to diffusion that prevents this.
The region between the axonal domain and the somatodendritic domain is referred
to as the initial segment, which is an elongated region around 30 nm long. There was
some confusion as to the mechanism that could produce the polarisation of proteins,
as it appeared that even lipids were blocked into specific domains. SPT experiments
in Rat Hippocampal cells confirmed that lipids were confined and that the barrier was
located within the initial segment [43]. Studies of diffusion were completed over several
days, from newborn cells to cells aged for ten days. The barrier to diffusion formed
between days six and ten, and was due to the accumulation of transmembrane pickets into
a very dense region of MSK. This very strong barrier acts to prevent the mixing of proteins.
Another process that would benefit from compartmentalisation is the cell sensing external
stimuli. Activated receptors are known to join together to form dimers or oligomers [7, 8].
This then causes molecules from the cytoplasm to bind to the dimer/oligomers to form a
signalling complex. As shown, the formation of these larger structures severely reduces
the rate that the complex can hop between compartments. The complex also is more
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likely to anchor to the MSK in a process referred to as oligomerisation-induced trapping.
This will often result in the signalling complex becoming trapped in the compartment
where the initial signal was first received. In effect, this gives the system memory of the
signal origin and acts to give high spatial and temporal resolution for sensing stimuli [9].
Without the partitioning the cell might mistake where, for example, a cache of calcium is
located and move it in the wrong direction.
1.6 Aims of this Thesis
It is the main aim of this thesis to examine the diffusion of polymers in a polymeric
system analogous to the photosynthetic pathway of R. Sphaeroides. Two systems will be
examined, firstly a patterned surface designed to mimic the structure of the cell membrane
and a second system that aims to mimic a possible cytoplasmic response. Based upon the
results of these studies it will be possible to infer certain design principles that might be
used to produce biologically inspired devices.
1.6.1 Why Polymers?
The biological systems being examined are incredibly complex, with a vast number of
complicated interactions taking place. In order to identify design pricinples that might be
of use in devices it is worth simplfying the system. In the case of the diffusion studies
provided in this thesis this means moving away from biological molecules and looking at
polymers instead. Proteins are notorious for adhering non-specifically to a wide range of
materials [44, 45, 46, 47]. To determine the effect that membrane structure and specifically
the partitioning of the membrane aids in the control of diffusion, it is worth simplifying the
problem somewhat. Similarly to examine how external stimuli cause action in a cytosol
analogue, it is necessary to know what impact the stimuli have rather than the complex
interaction between proteins.
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In addition to proteins there are many other biological molecules present in cells, and it
would be equally inappropriate to use these to examine diffusion in biological analogues.
Biological molecules interact very strongly with each other and their environment, making
it very difficult to isolate features that could be used to design devices or explain certain
diffusion behaviours.
Polymers are macromolecules and as such, can have similar molecular weights and confor-
mation to proteins and other biologically relevant molecules. By careful selection of the
polymers it is possible to have properties that will aid in the description and functioning
of the two studies. In the case of diffusion on surfaces, the diffusing polymers and the
polymeric surface can be designed to not only have a similar structure to the partitioning
of the cell membrane but to also behave so that only the impact of structure is examined.
Similarly the selection of certain polymers can aid the study involving diffusion in the
bulk solution by inducing certain changes in the properties of the solution.
The wide range of properties that can be achieved through the use of polymeric systems
is very attractive. It is also interesting if similar behaviour can be observed between bio-
logical and polymeric systems as this would illustrate the reproducibility of the behaviour
without being constrained to biological molecules. In the context of devices this is very
important as biological molecules and systems are only optimised to certain conditions,
while it is conceivable that the principles that apply to a polymeric system could function
across a much wider range of conditions.
1.6.2 Diffusion on Surfaces - Cell membrane analogues
It seems clear that there is a structure to the cell membrane that has a substantial effect
on the diffusion of membrane molecules. When considering R. Sphaeroides, it is also
clear that the chromatophore vesicle itself is not partitioned. By its very nature there
is no membrane skeleton directly beneath the vesicle. However, upon considering that
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the proteins responsible for the photosynthetic pathway are not found elsewhere in the
membrane, it seems reasonable to think that the vesicle is isolated from the rest of the
membrane in a similar fashion to how neurons polarise, as described in section 1.5. Could
a large array of proteins and membrane skeleton filaments effectively confine the pathway
to a vesicle?
To observe the impact of structure in this context a polymeric system has been de-
signed. Specifically, the effect of surface topography on the diffusion of a molecule upon
that surface will be examined. The surface in question can be considered analogous to
that of the cell membrane, in that it will be partitioned into corrals where diffusion will
be unrestricted upon the surface. These corrals will be separated by a barrier that will
hinder the diffusion of molecules upon the surface.
An analogue to the membrane molecules is required to diffuse upon this surface. As has
been discussed the use of membrane or biological molecules would be inappropriate in
this context due to their tendancy to interact very strongly with one another and their
environment. Instead, the use of poly(ethylene glycol) (PEG) (H−(OCH2CH2)n−OH
where n refers to the degree of polymerisation) as an analogue is quite appropriate. PEG
is known to be inert in comparison to the biological molecules that are within the cell
membrane. In fact, PEG is used as a coating to prevent proteins fouling surfaces and
interfaces, or for situations where biocompatibility is a concern, because it does not
interact strongly with biological molecules [48, 49].
Due to it’s relatively inert nature, PEG has been extensively used for polymer diffusion
studies and as a consequence it has well understood behaviours on surfaces [15, 50, 51].
This is ideal for this study as it makes it more obvious when there are deviations from
the standard behaviours.
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The selection of PEG as the diffusing species places some constraints upon the design
of the surface. To determine the impact of the structure it is important that the barrier
be constructed so that it will only behave as a physical barrier, rather than producing a
more complex interaction based on statics or some strong nonpolar interaction. A simple
solution is to use a barrier made of the very molecule that is diffusing. By tethering PEG
to a substrate a barrier can be constructed, with the PEG forming a polymer brush. To
ensure that this will be a dense barrier that will act to hinder diffusion, the brush can be
made slightly more complex by using poly([ethylene glycol] methyl ether methacrylate)
(POEGMA). This polymer can be roughly treated as a methacrylate backbone surrounded
by very dense PEG chains.
The substrate that this patterned brush is grown upon must meet two requirements.
The first demand of the substrate being that it is compatible with the observation tech-
niques used for measuring diffusion, while the second is that it be hydrophobic so as to
encourage the diffusing PEG to be on the surface. A glass substrate with a self-assembled
monolayer (SAM) is suitable in both regards, as the glass and SAM will be optically
transparent while the SAM can be selected to be hydrophobic. In this work the SAM
is of (3-Aminopropyl)triethoxysilane (APTES) were used which act as the initiator for
the polymer brush. This SAM of APTES had a nitrophenylpropyloxycarbonyl (NPPOC)
protection group that was used to select which initiators were used (to allow fabrication
of a pattern) while also being hydrophobic.
Once a surface is patterned topographically to produce the analogous systems of com-
partments, the PEG will be allowed to diffuse upon the surface to examine the diffusion
behaviour. The diffusion of PEG on the patterned surface is measured using fluorescence
correlation spectroscopy (FCS). FCS allows single molecules to be observed as they move
through a volume of typically one femtolitre. This technique has been used extensively to
observe the diffusion of biomolecules within the cell membrane and so it seems appropriate
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to use this method when examining an analogue of the cell membrane. This thesis will
present data showing PEG diffusing on the patterned surface so that a comparison can
be made with the equivalent biological system. The FCS diffusion laws put forward by
Wawrezinieck et al (2005) will be used to look at similiraties and differences between the
two regimes [52]. The aim is to present an explanation for the behaviour observed in the
polymeric system.
1.6.3 Diffusion in the Bulk - Cytoplasmic Response
It appears that there must be some mechanism for the control of bulk diffusion in R.
Sphaeroides. Even if this is not the case in R. Sphaeroides, it would be very desirable to
control the diffusion of species in the bulk in a device to some degree. During the discus-
sion of the photosynthetic pathway, it was identified that the cytochrome bc1 pumped
protons across the cell membrane to produce a gradient. This excess of protons would
then drive an ATP synthase protein to produce the energy unit ATP. Three protons are
required to drive the protein in order to produce ATP while a fourth is required to actually
produce the ATP, so there is understandably a drop in power efficiency at this point in
the photosynthetic pathway. This is the portion of the photosynthetic pathway where the
R. Sphaeroides bacterium is at its least efficient, with the drop from 90% power efficiency
reaching the cytochrome bc1 to 3% power efficiency after ATP has been produced. While
this is clearly not a problem for the bacterium, it must produce enough ATP or it would
die, it would be ideal from a artificial perspective to improve upon this.
It would be desirable to have some control over the diffusion of the protons once they
have been pumped across the membrane. This diffusion will be in the bulk, the protons
will experience no confinement and consequently will be able to diffuse randomly in all
three dimensions. Therefore it seems reasonable that the cell might have some method of
controlling this motion, or if not, that it would be beneficial from an artificial perspective
to be able to control diffusion in three dimensions at some level.
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If we consider the fundamental description of diffusion, a one dimensional stepping
process where a diffusant will go one unit of distance for each time step. We will now ex-
tend this for the case where there is some directionality, for example in viscosity. Consider
the Stokes-Einstein Relation (eq. 1.7.5), if the viscosity (or some other parameter) were
to vary based upon location within the medium, then the diffusion would be conceivably
faster in one position than at some other point. At higher viscosities the diffusant will
diffuse slower than at lower viscosities, all other parameters being equal. In the case of our
thought experiment let the high viscosity reside to the left and the lower viscosity to the
right. Diffusion is purely random, so there will be as many steps to the left as to the right.
However, by using the logic presented above, the diffusant would step further right than
it would to the left. Effectively this means that over time, the diffusant will move to the
right. Could a similar phenomenon be used in the case of diffusion of protons in the cytosol?
The cytosol is composed of water, salts and organic molecules [12]. This description is very
similar to that of a gel and as such it is possible to examine how diffusion in the cytosol
might be controlled by examining diffusion in a gel. Ideally the gel, and by extension the
cytosol, would undergo some change that would impact the diffusion of the protons. The
most obvious and the simplest change that would be applicable, and that could occur, is
that of a viscosity change in the gel in response to a stimulus.
Gels as a cytosol analogue
In his book ‘Cells, Gels and the Engines of Life’, Gerald Pollack made a number of
comparisons between the cytosol and polymer gels [53]. He made the point that cells
perform a number of tasks in their interior. Cells produce substances that must be
moved about and they also need to react to stimuli. All cells divide so as to multi-
ply and specialized cells perfom a diverse range of tasks. He posits that polymer gels
offer a paradigm that could explain, or at least allow for a unified description of, the cytosol.
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The cytosol and polymer gels have a number of similarities, and by recognising these
similarities it is possible to treat the cytosol as a gel. Such a treatment can then be
examined to find whether it aids in explaining the behaviours observed in cells.
A gel is a polymer network where individual polymer molecules typically cross-link
to one another, doing so either chemically or physically. The ‘pores’ of the polymer
network contain solvent and, for the purposes of this work, water will be considered.
The amount of solvent, and consequently the size of the pores, is defined primarily by
the polymer surface. If the surface is hydrophobic, water will self-associate to form a
moderately well ordered three-dimensional hydrogen bonded network [54]. In the case
of hydrophilic surfaces (the case with the majority of biological polymers), water will be
attracted to the surface. The surface-adhered water will in turn attract more water so
that layers of water are formed.
The water content of the gel will therefore be highly dependent on the nature of the
polymer and particularly the surface that the polymer has in contact with the water. The
work of Osada and Gong (1993) stated that gels of uncharged polymers had a water-to-
polymer volume ratio typically between 5:1 and 10:1 while gels made of charged polymers
can have a ratio up to 3000:1 [55]. It should be noted that the layering behaviour of water
may not be the only factor involved in this water retention. For example, osmotic forces
will draw water when a counter-ion is present about a surface bound charge. However,
the fact that such a high ratio is present in the uncharged case and is easily achievable
suggests that other factors might be secondary.
Swelling in polymer gels is the process by which the gel increases in size as it draws solvent
into the pores in the polymer network. In 1968 the swelling of polymer gels was predicted,
by Dusek and Patterson, in response to changes in the composition of the solvent [56].
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This was shown experimentally by Tanaka (1978) [57], when a polyacrylamide gel was
shown to swell and contract with changes in temperature and solvent content, specifically
the change in concentration of acetone. The change in gel volume was enormous (two
orders of magnitude) when a threshold temperature was passed. This can be treated as a
form of phase transition, much as the change between water and ice, the two states bear
little resemblence. Crucially, the transition is bought about here by nothing but a minor
change in the environment.
Gels act in a number of ways; in his review article Hoffman (1991) picked out a number
of both stimuli and responses that had been observed in polymer hydrogels [58]. Changes
to any part of the environment, or any input of energy, can act as stimuli. For example,
changes in pH, temperature and solvents as well as fields and input of light, have all been
observed to produce an action. The action itself can again vary greatly depending upon
the gel in question. Hoffman draws attention to not only swelling and shrinking of the
gel; but also the phase separation of components within the gel, mechanical responses
(hardening or softening) as well as chemical responses. As an aside, it should be noted that
gels that chemically cross-link are generally stable with changes in their environment and
so will only rarely exhibit transitions. A physical cross-link is one formed by intermolecular
interactions such as van der Waals forces. As such these bonds are more susceptible to
their environment and can be disrupted, potentially leading to the transitions discussed
as their structure changes to accomodate the disruption.
When considered in terms of the cell, certain parallels can be drawn. Cells of vari-
ous types will use pH change, temperature change, chemical agents and mechanical forces
as triggers to initiate various processes or tasks. The response to these triggers will usually
take the form of changes in shape and volume as well as changes in permeability and
electrical potential. If the step in logic is taken that there is a common denominator in
function within these cells, then the phase transition of the gel seems a suitable candidate.
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Using a Diblock Copolymer Gel for Studying Diffusion
It is the aim of this study to observe the change in conformation by using FCS to mea-
sure the diffusion coefficient of the diffusing polymers in the gel. A block copolymer of
poly(glycerol monomethacrylate) (PGMA) extended with poly (hydroxypropyl methacry-
late) (PHPMA) forms a gel which is made of cylindrical micelles, or worms, but changes
to an aqueous solution of spherical micelles, or spheres, when temperature is lowered
or the pH is raised beyond a critical value [59, 60]. The transition between worms and
spheres, from a gel to an aqueous solution, leads to a significant change in the viscosity of
the system. The reduction in viscosity produced by the change will lead to an increase in
diffusion coefficient. In this study it will be the block copolymer that is tracked, while in
the case of the R. Sphaeroides it is protons that diffuse within the cytosol. The proton
is obviously much smaller than the copolymer, which is more analogous to the medium
of the cytosol than the diffusing species, but intuitively it can be taken that a change in
how the medium diffuses will have a profound impact on the motion of the molecules that
diffuse within it. Not least because the transition itself is accompanied by a stark change
in viscosity.
By observing the change in diffusion coefficient of the PGMA-PHPMA with changes in
temperature and pH, it will be argued that the cytoplasm of a cell may be treated as a
gel. In consequence the results of this study will also be used to discuss the impact this
has upon the description the photosynthetic pathway of R. Sphaeroides and by extension
devices that could be constructed using design principles in the model of biological systems.
1.6.4 Research Questions
The overarching theme examined in this thesis concerns the diffusion of biological analogues
in polymeric systems based upon the photosynthetic pathway of R. Sphaeroides. A research
question could therefore be formulated that addressed this theme. This question must
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address the fabrication of analogous systems in addition to the examination of diffusion:
Can a polymeric system be produced that acts as an analogue for specific
regions of the photosynthetic pathway of R. Sphaeroides and that can be
used to examine diffusion in these regions as well as inform designs for use in
devices?
This overarching theme can be broken down into three distinct areas, that can themselves
be used to generate more questions. The three main groups of questions that will be
examined in this thesis with respect to the diffusion of polymers in biologically analogous
systems are:
1. Can a topographically patterned POEGMA brush surface (based upon the schemes
in figure 1.9) be produced that can be used as an analogue of the structure of the
cell membrane, particularly as described by the membrane skeleton fence model and
the transmembrane protein picket model, in relation to the diffusion of membrane
molecules? Is the methodology used to produce this surface capable of upscaling?
How good is the resolution and how repeatable is it?
2. What is the diffusion behaviour of PEG on this surface? Is it faster or slower than
diffusion on either homogeneous surface? Does the behaviour have any similarities
with that observed in biological membrane systems? Is it possible to attribute a
cause to this behaviour in the polymeric case?
3. Can the rate of diffusion of molecules in a gel be significantly modified with changes
in pH and temperature? Does this have any value when considering the control of
diffusion in the cytosol with respect to the photosynthetic pathway of R. Sphaeroides?
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(a)
(b)
(c)
Figure 1.8: Diagrams of the structure of different cells. A cell membrane
surrounding a matrix, known as the cytosol, in all types of cell. (a) a generalised
bacterium, demonstrating the structure of a prokaryotic cell. (b) demonstrates the
structure of a generalised animal cell, however much of the fine structure has not
been displayed for ease of viewing (e.g. the absense of ribsomes and organelles such
as the endoplasmic reticulum). (c) illustrates the structure of a generalised plant
cell, and as in the case of (b), much of the fine structure is not shown.
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1.7 Theory
1.7.1 Diffusion
Simple diffusion is defined as the process by which different substances mix as a result of
the random motions of their component atoms, molecules and ions [61]. Diffusion on the
molecular level is propelled by thermal energy while larger particles move via collisions
with the molecules of the solvent (Brownian motion). In simple cases the rate of diffusion
(diffusion coefficient) is directly related to the temperature of the system, and the net
motion is down the concentration gradient of the system. This simple example is described
by Fick’s Laws of Diffusion. Fick’s First Law (derived in appendix A.2) described the
mass flux, J , as:
J = −D∂ρ
∂x
, (1.7.1)
where ρ is the concentration and x is position and D is the diffusion coefficient. The
diffusion coefficient itself is defined as:
D =
〈x〉2
(d · t) , (1.7.2)
where 〈x〉2 is the mean-squared displacement, t is the time interval and d refers to the
dimensionality of the system (d = 2, 4, 6 for 1-, 2-, 3-dimensions). 〈x〉2 can be thought of
as the space explored by the diffusing particle.
Bulk Diffusion
Diffusion in three dimensions has been examined extensively, with the earliest analysis of
the process revolving around Brownian motion. Brownian motion is the random motion
of a particle that is suspended in a fluid of some description (a liquid or a gas) caused by
the collision of the particle with atoms or molecules within the fluid.
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The first written description of Brownian motion is in the poem ‘On The Nature of
Things’ by the Roman philosopher Lucretius, circa 60 AD. Lucretius was an ardent
follower of atom theory and discussed the motion of dust particles in air as a proof
of the existance of atoms. Although presented in the style of a poem the underlying
science is correct, yet the work was largely ignored for centuries. The next mention of
Brownian motion was in 1785 by Jan Ingenhousz (coincidently credited as the discoverer
of photosynthesis) when he observed the motion of coal dust on the surface of alcohol [62].
Despite this earlier finding, the discovery of Brownian motion is credited to Robert Brown
in 1827. Brown, looking at pollen grains suspended in water, observed particles ejected
by the pollen execute stuttering motion. He repeated the experiment with particles of
inorganic matter to rule out the possibility of the phenomena being due to biological
origins but was unable to establish the origins of the motion [63].
A mathematical description of the behaviour was first made by Thorvald Thiele in
1880 [64] and subsequently followed up by Louis Bachelier in 1900 [65]. In both cases
the problem was treated purely mathematically with no desire to examine a root cause.
The next step in the development of Brownian motion came from Albert Einstein [66]
and Marian Smoluchowski [67], who independently presented their descriptions. The
descriptions presented by both relied heavily on the existance of atoms, a concept that was
at the time seen as useful but that scientists still debated whether they were real entities.
The work of Einstein and Smoluchowski gave a statistical description of atomic behaviour
that would allow experimentalists to count atoms with ordinary optical microscopes. In
relatively short order the equations presented by the pair were verified experimentally by
Jean Baptiste Perrin in 1908 [68].
In Einstein’s theory there were two distinct parts; the first involving the formulation of
a diffusion equation for Brownian particles, where the diffusion coefficient was related
to the mean squared displacement (as in Fick’s Law), with the second part relating
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the diffusion coefficient to measurable physical quantities [66]. The first part effectively
provides equation 1.7.2 (see appendix A.4), but presents it such that both systems of an
ensemble of Brownian particles and a system containing a single Brownian particle are
well defined. This allows the for the discussion of the relative number of particles at an
instant as well as the time required for a particle to reach a given point.
The second part of Einstein’s theory is perhaps more interesting in that it relates diffusion
to physically measurable quantities. Einstein made his formulation by considering a
dynamic equilibrium between opposing forces, a key facet being the unimportance of
the particular forces involved in producing the equilibrium itself. The derivation of this
equation is presented in appendix A.5 but the final result is
µ =
D
kBT
, (1.7.3)
where µ is the mobility of the diffusing particle, D is the diffusion coefficient and T is the
temperature.
The general case presented by Einstien can be modified to deal with the various plausible
scenarios where it is desirable to calculate the diffusion coefficient of a particular species.
For the work described here a specific relationship known as the Stokes-Einstein equation
is particularly relevant. The Stokes-Einstein equation deals with a spherical particle,
of radius r, diffusing in a medium in the limit of a low Reynolds number and uses the
Stokes Force as the ‘driving force’. In the case of low Reynolds number the mobility of
the particle is simply the inverse of the drag coefficient ζ, Stoke’s law gives
ζ = 6piηr, (1.7.4)
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where η is the viscosity of the medium. This can be used to find the Stokes-Einstein
relation:
D =
kBT
6piηr
. (1.7.5)
Thus far the diffusion of spheres in three dimensions has been considered and this broadly
works across a variety of systems that are not explicitly spheres but can be taken as such,
including that of polymers diffusing in a medium. A point of particular relevence with
polymers is the degree of polymerisation (molar mass): as this increases, the diffusion
coefficient is reduced. In fact early work by Debye and Bueche found that in the dilute
limit (individual chains in a solvent) the radius of gyration of the polymer chain could be
effectively treated as the hydrodynamic radius required in the Stokes-Einstein relation
[69]. As already stated the degree of polymerisation, N , plays a key part in the diffusion
of the polymer and can be used to calculate the radius of gyration. Depending on the
conditions the radius of gyration is proportional to N
3/5 in a good solvent (one where the
polymer chain stretches), and to N
1/2 in theta conditions (where the polymer conforms
to a idealised random walk).
Bulk diffusion differs from surface diffusion in that it is not constrained; when on a
surface the diffusant in question is limited to where it can move. One of its degrees of
freedom has been removed, namely the motion out of the plane of the surface. As a
consequence, diffusion coefficients are faster in the bulk than upon surfaces [50], often by
as much as two orders of magnitude.
Surface Diffusion
Surface diffusion is a process specifically concerned with particles moving along solid
interfaces. A general picture of surface diffusion is that of particles jumping between adja-
cent adsorption sites on the surface. Like simple bulk diffusion, an important parameter
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describing the diffusion coefficient is temperature. In addition to this, the interactions
between the adsorbed particle and the surface play an important role.
Mathematically, a very simple description can be produced to describe the kinetics
of surface diffusion [70]. Consider a system where adatoms (defined as an atom on a
crystal surface that should be thought of as the opposite of a surface vacancy) reside
on a surface constructed as a 2D lattice of adsorption sites. The adatoms can move
between adjacent (nearest neighbour) sites by some ‘jumping’ process. The rate of the
jump process (Γ) will be described by an Arrhenius equation that includes an attempt
frequency and a thermodynamic factor that deals with the probability of a sucessful jump.
The attempt frequency is simply the vibrational frequency of the adatom (ν), while the
thermodynamic factor is a Boltzmann factor that depends on the temperature (T ) and
the potential energy barrier to diffusion (Ediff) that holds the adatom in place. Putting
this together gives the relationship
Γ = νe
−Ediff
kBT . (1.7.6)
Clearly Ediff must be lower than the energy required for desorption, or desorption pro-
cesses would dominate over those of surface diffusion. A crucial factor to consider is
the importance of temperature shown in equation 1.7.6. The relationship between Ediff
and temperature suggests a number of scenerios, firstly that where Ediff < kBT the
barrier effectively does not exist. This leads to a regime known as mobile diffusion and
is relatively uncommon [70]. Fickian diffusion is much more common and comes about
when Ediff  kBT meaning that Γ ν.
The surface diffusion of polymers, and indeed of macromolecules in general, is simi-
lar in theory to this description with a single caveat. Polymers are intrinsically large
molecules, made up of several units (or monomers). Each of these units can effectively
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behave as a adatom and as a consequence each unit has limited options as to where it
can ‘hop’. This means that a polymer is not treated as a single entity but rather as an
ensemble of adatoms. The length of the polymer chain clearly matters from this logic,
while the adsorption energy of a single segment is small (∼ kBT ) it is significant over
numerous segments.
Theoretical considerations predict that diffusion of a polymer on a homogeneous solid
surface scales as D ∼ M−1, where M is the molar mass of the polymer [71, 72]. This
dependence comes about as friction scales linearly with the molecular weight. The relation
has been examined in depth via simulations and has been found to be a good description
of polymers on homogeneous surfaces [73, 74, 75]. However, experimentally the levels of
homogeneity required have not been achieved. Indeed it is not known precisely the limit
at which the surface would be considered ‘homogeneous enough’ to apply this relation
for the diffusion coefficient. As way of an example, single crystal surfaces have a regular
homogeneous crystalline structure but there are also defects present, and the effect the
presence of these defects would have on diffusion is not known.
In relation to the idea of disorder having an impact on diffusion, it is known that
theoretically a chain can be guided between surface obstacles produced by surface disorder
[76, 77]. This behaviour is characterised as reptation-style diffusion and the diffusion
scales as D ∼M−3/2 [78, 79, 80]. Reptation-style diffusion is known to hold in situations
where the chain is adsorbed to the surface in a pancake structure but the limit to which
this applies to chains not so well ‘held’ (polymers with train and loop conformations) is
again not entirely known.
The diffusion coefficient of a polymer upon different surfaces is known to vary. This
has been attributed to a number of factors, yet perhaps the most consistent is that of
the polymer conformation upon the surface, and this links very easily to the arguments
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(a) (b)
Figure 1.10: Conformation of polymers at an interface. (a) shows the pancake
conformation where the polymer is strongly attracted to the interface and is in
complete contact with it. (b) demonstrates the case where the polymer is less
strongly attracted and as a consequence loops, trains and tails form.
previously discussed. The three way interaction between the polymer chain, the surface
and the solvent is the defining relationship leading to specific conformations. As a general
rule more hydrophobic surfaces force water-soluble polymers to assume a more compact,
pancake structure [51, 81]. This in turn leads to a slower diffusion coefficient than the
same polymer on a hydrophilic surface, where the water in the solvent will compete with
the polymer for a binding site on the surface [81]. Simulations have also shown that
monomer friction coefficients (directly related to the surface energy of the system) have a
strong influence on surface diffusion, with smaller friction coefficients leading to larger
diffusion coefficients [82].
A key facet of this thesis is to observe how modifying a surface can lead to a con-
trol of diffusion upon said surface. It has been demonstrated that the diffusion of a species
on a surface can be directed. Chaudhury and Whitesides (1992) demonstrated that a
water droplet could be moved ‘uphill’ [13]. The water droplet was placed on a surface
with a gradient of hydrophobicity, causing the droplet to steadily move towards the more
hydrophilic region. This was even the case when the hydrophilic region was raised so that
the droplet needed to work against gravity. Suzuki (1994) demonstrated that droplets
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of oil could be made to behave in a similar way, moving along a hydrophobicity gradient [14]
A further example of directed motion, relating to polymers specifically, is Burgos et
al. (2009). Here it was shown that single molecules of PEG could be sent down a surface
energy gradient [15]. The surface gradient produced went from stongly hydrophobic to
strongly hydrophillic over the space of a few microns, with motion driven to the hy-
drophilic region. The observations were made using fluorescence correlation spectroscopy
and showed that surface diffusion was elevated by more than an order of magnitude
with respect to surfaces without the gradient. Diffusion along the gradient was increased
greatly, with diffusion coefficients ∼100 times larger than the diffusion coefficient in the
orthogonol direction.
Diffusion and Barriers
The traditional description of diffusion needs to be extended for certain conditions. One
such condition of interest is the addition of partially permeable barriers. If we consider a
two-dimensional system partitioned by permeable one-dimensional barriers we find that
on short time scales the diffusing particle will be confined to a single compartment. In
contrast working at longer time scales shows that the particle will escape to an adjacent
compartment. This anomalous diffusion process, known as hop diffusion, causes a reduc-
tion in the macroscopic diffusion coefficient, as the diffusing particle cannot explore the
same size region of space as an unconfined particle.
A number of theoretical studies have looked at how the behaviour of diffusing parti-
cles would change with the addition of permeable barriers. In his 1966 paper for the
Mathematical Association of America, Mark Kac showed that certain information about
the geometry of a drum could be collected based upon the sound it produces [83]. Kac
suggested that the area and perimeter of the drum can be ‘heard’, and the main example
provided in support of this was the diffusion of particles on a plane bounded by an
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absorbing interface. He demonstrated that the volume to surface area ratio could be
deduced from the information in the limit of long times.
A more recent example by Novikov et al. (2011) presented a treatment of free dif-
fusion impeded by randomly placed and orientated barriers (d− 1 dimensional planes in a
d dimensional system) [84]. This study established that the barriers introduced distinct
features to the transport of particles. One such feature was described as how the diffusing
species gained a long-term memory of the system, induced by the spatially extended
disorder introduced by the diffusion barriers. This memory is seen as a characteristically
slow decrease of the diffusion coefficient
D(t) = D∞ + const · t− 12 . (1.7.7)
The barrier is treated as an idealised thin slice of a poorly diffusive material, with a
thickness that is negligible when compared to the shortest observable diffusion length.
In this limit the diffusion coefficient Dm and the thickness lm of the membrane vanish,
the ratio κ = Dm
lm
is the definition of the membrane permeability. The diffusing particles
are treated as idealised random walkers in a macroscopic sample with randomly placed
barriers. The study proposed that the diffusion behaviour of the random walkers would
vary significantly between characteristic time scales. The first such result is in the extreme
case of t→∞. In this limit, the diffusion was Gaussian with a diffusion coefficient greatly
reduced from that of diffusion within the space between barriers (D0)
D∞ =
D0
1 + ζ
, (1.7.8)
where ζ = Sl
V d
is defined as the ability of the barriers to hinder diffusion (S is the surface
area of the barriers, l = D0
κ
is the effective thickness of the barrier, V is the volume of
the sample and d is the dimensionality of the system). This result is exact in the case
d = 1 and is a good approximation in the case d > 1. A strong restriction on diffusion
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is characterised by ζ > 1 and primarily means that the effective thickness of multiple
barriers overlaps so that the diffusion across a single barrier is strongly affected by the
diffusion across its neighbours.
In finite time periods there is different behaviour dependent on how much the bar-
rier hinders diffusion. The first case, where a barrier strongly hinders diffusion (ζ > 1), has
three distinct timescales with corresponding behaviour. The first such regime describes
the diffusion coefficient in the period where only a very small fraction of the random
walkers have encountered the barriers (t τD where τD = a22D0 is the diffusion time across
the average compartment of size a). This regime is described by:
D(t) ' D0
[
1− S
V d
(
4
√
D0t
3
√
pi
− κt
)]
. (1.7.9)
and is in perfect agreement with theory and simulation for all ζ.
The second regime describes the impermeability of the barriers at times shorter than the
residency time of the compartment (t τr = ζdτD where τr is the residency time of the
compartment). The behaviour in this regime is described as
D(t)
D0
≈ 2τD
t
. (1.7.10)
The final regime deals with the behaviour of the random walkers for times longer than τr.
The leakage through the barriers is now significant enough for the system to be ‘aware’ of
it. D(t) now approaches the D∞ limit and can be described as:
D(t) ' D∞
(
1 +
√
8ζd
pi
(
√
1 + ζ − 1)
(
√
1 + ζ)
√
τr
t
)
. (1.7.11)
The second case treated in this study was the case of highly permeable barriers (ζ  1). In
this case, τr and τD become comparible and only two regimes are observed, the intermediate
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1/t regime is not observed. The behaviour of diffusion is now described by:
D(t) ' D∞
(
1 +
2ζ√
pi
√
τ
t
)
, (1.7.12)
where τ = ζ d
2
τr.
The study by Novikov et al. is primarily concerned with describing the motion of
diffusing particles in a system, it is regularly demonstrated that by recording the diffusion
coefficient as a function of time it is possible to extrapolate information concerning the
system.
Wawrezinieck et al. (2005) proposed a set of FCS diffusion laws to define the struc-
ture of the cell membrane [52]. It was shown that by making FCS measurements at
different spatial scales that different models of confinement could be distinguished. The
importance of taking measurements at different waist widths (the width of the focal point)
is demonstrated by considering the experimental diffusion data presented by Wawrezinieck
and her colleagues. The observations were on COS-7 cells (American type culture Collec-
tion No CRL-1657) with a fluorescent probe attached to the lipids, BODIPY-ganlioside
GM1 (FL-GM1), within the plasma membrane. Molecules undergoing anomalous diffusion
exhibit a non-linear exploration (or 〈x〉2) with respect to time. As such their 〈x〉2 can
be defined as 〈x〉2 ∼ Dtα, where α is 1 for simple Brownian motion, α < 1 for systems
with some level of confinement and α > 1 where there is active transport. In the system
discussed by Wawrezinieck and her colleagues, the data extracted exhibited an α ≈ 1
suggesting free diffusion despite the diffusion clearly being constrained (the diffusion time
was ∼10 times longer than that of FL-GM1 in an artificial membrane). They point to this
as a reason why multiple measurements over several waist sizes provides an interesting
and necessary measure of confinement.
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For free diffusion it would be expected that the diffusion time would be directly pro-
portional to the square of the waist size (w2). As the waist size is extrapolated back to
zero, the diffusion time should intersect the origin. It can be shown that for systems
experiencing anomalous diffusion, the diffusion is not directly proportional to w2, but is
described more accurately by
τ appd = t0 + bw
2, (1.7.13)
where τ appd is the observed diffusion time and t0 is the extrapolated diffusion time to a zero
beam waist. Although the real value for the diffusion time at zero beam waist will be it-
self zero, the extrapolated value can provide information about the structure of the system.
After many simulations of various structures, Wawrezinieck et al. defined how diffusing
molecules would behave in three scenarios [52], in a simple free diffusion case (figure
1.11(a)), in a system containing isolated microdomains (figure 1.11(b)) and in a system
with a meshwork-style barrier (figure 1.11(c)). A confinement parameter was introduced
for ease of analysis (X2c =
(
w
L
)2
where L is the domain radius). It was demonstrated that
simple free diffusion would, as expected, show that diffusion time was directly proportional
to the square of waist size (figure 1.11(d)).
The second scenario of permeable isolated micro-domains was defined as microdomains
surrounded by an energy barrier, designed to simulate raft behaviour as well as other
phase-separated domains that might be present. Static circular domains were inserted into
a large square membrane with the inside and outside of the domains containing different
phases of material. The beam was focussed on the centre of a single domain. Three
distinct diffusion time regimes were observed as the waist size increased. The first regime
is seen when the waist is much smaller than the domain size (X2c ≤ 0.1) and diffusion
is seen to behave as in free diffusion. A second transient regime is observed when the
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waist and domain sizes are comparable (X2c ≈ 1) and complex diffusion due to barrier
effects is observed. The last regime is seen when the waist size is much larger than the
domain size (X2c ≥ 10) and a linear scaling of diffusion time with beam waist returns.
The linear scaling in the third regime is different to that of the first, with the value of b,
from equation 1.7.13, increasing (equivalent to a decrease in diffusion coefficient) and a
strictly positive t0 (figure 1.11(d)).
The third scenario relates to the idea of the cytoskeleton acting as a hindrance to
diffusion through the introduction of a meshwork geometry. In simulations this system
was described as a set of multiple domains separated by barriers. The beam is focussed
on a knot of the meshwork (the point between four domains). A slight redefinition of
the confinement parameter is required for the meshwork as now, rather than circles with
radius L, the domains are squares of side 2L. The confinement parameter should now be
defined as X2c =
pi
4
(w
L
)2. The meshwork geometry also exhibits three regimes, the first
and second of which are very similar to that of the isolated microdomain geometry, but
with different confinement parameter values (X2c < 2 for the first regime and X
2
c ≈ 2 for
the second regime). When the probed area becomes much larger than the domain size
(X2c > 2) a linear relation is recovered as seen in the isolated microdomain case, but the
value of t0 is strictly negative (figure 1.11(d)).
An experimental study by Lenne et al. (2006) demonstrated these scenarios in live
cells, confirming the validity of these FCS diffusion laws [85]. As the systems of mi-
crodomains and meshwork exhibit much of the same diffusion behaviour, it is the value of
t0 that is required to differentiate the geometries.
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(a) (b) (c)
(d)
Figure 1.11: The structures simulated for the FCS diffusion laws: free diffusion (a),
isolated microdomains (b) and a meshwork (c). (d) shows the expected changes in
diffusion time as the confinement parameter increases or conversely the size of
structure decreases. Modified from source [85] and presented with permission
1.7.2 Polymer Brushes
Polymer brushes are polymers that are tethered to a surface or an interface [86]. The teth-
ering must be sufficiently dense so that the polymer chains are crowded, and are therefore
forced to stretch away from the surface or interface. This stretching is sometimes farther
than the typical unstretched unconfined length of the polymer chain. The stretching
behaviour occurs under equilibrium conditions with no need for external processes such
as an applied field and no confining geometry is required.
The derivations of brush thickness in good and theta solvents are presented in appendix
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A.6. The critical result in these situations is that brush thickness is directly proportional
to the degree of polymerisation in a polymer brush in both good solvents and theta
solvents. This can be contrasted to a free polymer chain, demonstrating that the confining
interface causes the polymers to stretch from the surface (summarised in table 1.2).
Tethered Polymer Brush
Chains
Free Polymer
Chain
Good
Solvent
L/a ≈ N (a/d)
2/3 Rg ∼ N 3/5
Theta
Solvent
L/a ≈ N (a/d) Rg ∼ N
1/2
Bulk state L ∼ N 2/3 Rg ∼ N
1/2
Table 1.2: The relationship between the dimensions of a polymer and the degree of
polymerisation based upon the Alexander Model.
In general there are two paths to fabricating polymer brushes on solid surfaces, polymer
physisorption and covalent attachment [87]. In polymer physisorption, block copolymers
adsorb onto a suitable surface where one of the blocks strongly interacts with the surface
and the other interacts very weakly. This methodology will not be considered in this thesis.
Covalent attachment looks to firmly fix the polymer to the substrate by means of a
covalent bond [87]. This can be achieved in two ways, referred to as the grafting-to and
the grafting-from approaches. In the grafting-to approach, a preformed end-functionalised
polymer molecule is reacted with the substrate to form polymer brushes. The approach
relevant to the work described in this thesis is the grafting-from approach. This method
leads to the synthesis of polymer brushes with a higher grafting density as the polymer
chain is ‘grown’ in situ from a suitable initiator.
This thesis will focus on the grafting-from approach where the initiator is within a
well defined self-assembled monolayer (SAM) on the substrate. There are a wide range of
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polymer synthesis methods that can be used to produce brushes. The methodology of
interest in this thesis is atom transfer radical polymerisation (ATRP).
ATRP is termed a controlled radical polymerisation and as such gives great control
over the molecular weight distribution of the brush produced [88]. The precursor for
ATRP was a form of organic synthesis known as atom transfer radical addition (ATRA)
[89]. In this synthesis, atom transfer from organic halides to transition metal complexes
acts to produce an organic radical. This radical is then deactivated by the transfer of the
atom from the transition metal back to the organic radical.
The low dispersity of ATRP arises due to the transition metal based catalyst [88]. The
catalyst provides the system with an equilibrium between the active polymer, when the
polymer can propagate, and an inactive (dormant) form of the polymer. The equilibrium
between these two states is heavily skewed to the dormant state of the polymer, which
limits the rate of active propagation.. This leads to the low dispersity as all chains are
equally likely to propagate. It also leads to the fact that termination of the radicals is
avoided until almost 100% of the monomers has been converted.
There are five important components that are varied between ATRP reactions but there
are consistent factors throughout. The factors that can be changed are the monomer
itself, the initiator, the catalyst, the solvent and the temperature. Each factor will be
discussed as a contribution to the polymerisation reaction.
The monomers that are typically used in ATRP are molecules that can stabilise the
propagating radicals [88]. Examples of this are styrenes and acrylates. If polymers with a
high average molecular weight and low dispersity are desired, the concentration of the
propagating radicals must balance the rate of termination of radicals. It is important that
the concentration of the dormant polymer be greater than the concentration of the radicals
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so that termination can be prevented. Despite this it is crucial that the concentration of
the dormant polymer not be not so great that the reaction is slowed or halted [88, 90].
Each monomer species has a unique propagation rate, which can be combined with the
other components of ATRP to optimise the reaction.
The number of polymer chains that are growing is determined by the initiator present
[88]. The faster the initiation process is, the more consistent the number of growing
chains are, which leads to the low dispersity. This stems from the fact that the faster the
initiation process, the fewer terminations of radicals occur and the fewer atom transfers
can occur between the growing polymer chains and the catalyst. Organic halides are a
popular choice of initiator [91], with most initiators being alkyl halides, specifically alkyl
bromides which are more reactive than alkyl chlorides [88]. The structure and shape
of the initiator will determine the architecture of the polymer. In the case of polymer
brushes, the initiator is immobilised onto a surface such that the brush will grow away
from the substrate.
The catalyst is arguably the most important component of the ATRP process. It de-
termines the equilibrium between the active and dormant species and this equilibrium
determines the polymerisation rate [88]. If the equilibrium is too skewed to the dormant
species the reaction proceeds too slowly, while if it is skewed to the active species then
the low dispersity is lost and a high distribution of chain lengths is produced. As already
stated, there are a number of requirements for the metal catalyst:
• The catalyst needs two oxidation states (separated by one electron) that are accessible
during the reaction,
• The metal centre needs to have an affinity for halogens,
• The coordination sphere of the metal needs to be expandable. This allows the
halogen to be accommodated when the metal is oxidised,
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• The catalyst needs to strongly form a complex with a ligand. This allows greater
control over the reactivity of the metal centre.
The most popular, and from the view of this work, most useful catalysts, are those that
include copper [88].
The temperature and solvent used in the ATRP reaction are important and are cho-
sen so as to allow the other components to exist in solution and to easily reach the
activation energy of the reaction [88]. As such these are perhaps of the least concern and
are the easiest to optimise once the specific monomer is decided upon.
The first step in forming a polymer brush strucutre by ATRP is to modify the sub-
strate such that the polymer will be grafted. This can be accomplished by the use of
self-assembled monolayers (SAMs), which are highly ordered films of molecules on the
surface [92, 93]. SAMs form spontaneously after the substrate has been immersed in a
solution of a suitable adsorbate with the resulting film being a single molecule thick. For
a SAM to form, the adsorbate requires three key components; a head group that will
attach to the surface, an alkyl chain, and a terminal group that can be used to effectively
functionalise the surface [92]. In the case of this work, the SAM will be placed on glass as
this allows for the use of fluorescence as a characterisation technique. As such this limits
the family of SAMs that can be used. Alkylsilanes are appropriate for using on oxide
surfaces such as glass [94, 95].
The exact mechanism that allows the formation of SAMs of alkylsilanes on oxide surfaces
is not completely understood but it is believed that in solution the alkylsilanes form
siloxane groups which condense with both the hydroxyl groups of the surface and water
to form a cross-linked network.[96]. This cross-linked network gives alkylsilane SAMs
excellent thermal and oxidative stability.
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The formation of defect free alkylsilane monolayers is a major challenge and at the
time of writing there is no consensus in the community for the optimum conditions for
their formation. This is because there are a large number of parameters that influence
the quality of the monolayer that is formed. One example is the water content of the
solvent, which needs close control as it is believed to have an extremely strong influence
on the properties of the film produced. Water acts as a catalyst for the formation of
alkylsilane monolayers, which makes the inclusion of water in the solvent crucial or else an
incomplete monolayer would form [97]. However, if there is too much water present then
there will be polymerisation between the alkylsilane molecules while in solution which
leads to the formation of globular deposits on the substrate of the resulting polymer.
This in turn greatly increases the surface roughness [97]. Other important parameters to
consider are the temperature and the concentration of alkylsilanes introduced. To read
further discussions on the paramters involved in the formation of alkylsilane SAMs and
their impact of film quality, see the works of Rozlosnik et al. (2003) [97] and Schwartz
(2001) [98] where more complete treatments are presented.
1.7.3 Diblock Copolymers
Diblock Copolymers and Self-Assembly
So far, discussion has revolved around polymers made of a single species of monomer,
referred to as homopolymers. It is of course possible to construct more complicated
polymers formed from many species of monomer. Molecules of this variety are known as
copolymers. If the species are mixed randomly and allowed to form a random sequence
then the random (or statistical) copolymer that is formed will generally have properties
in between those of polymers made of the two species yet, due to the inherent disorder in
their make up, these copolymers struggle to crystallise and form ordered arrangements
[99]. Sequenced copolymers are a step up from this, being made of a strictly defined, yet
non-repeating, sequence. These varieties of copolymer are critical to life, proteins can
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be viewed as existing within this family and the crucial property of this variety is the
ability to self-organise into larger structures. The block copolymer is an even more rigidly
organised member of the copolymer family and is the member of interest to this work.
As the name block copolymer suggests the species are arranged so that they are in
blocks. If the species of monomer are chemically very different the two species will attempt
to seperate. However as the blocks are covalently attached this is not possible. Instead
the blocks ‘microphase separate’ into a variety of complex (possibly ordered) morphologies
[99]. Considering only a block copolymer of two species, with only two blocks, a number of
self-assembled structures are possible. These types of copolymers are known as AB diblock
copolymers. If the two species of polymer are correctly selected, molecules will arrange
themselves supramolecularly. These assemblies will then pack together in structures
that may be highly ordered over dimensions much larger than the individual copolymers,
crucially inspite of the fact that the copolymers are not crystalline.
Appendix A.7 deals with the mixing and phase separation of homopolymers of dif-
ferent species. Much of the theory surrounding block copolymers is similar to that of
homopolymers with one significant difference, the covalent bond between the species in
the block copolymer. While in mixtures of homopolymers the phase separated domains
have a tendency to grow to macroscopic sizes, which reduces interfacial energies between
the species, this is not possible in the block copolymer case [100]. There is a clear con-
straint on domain size due to the covalent bond between blocks. This leads to a tendency
of block copolymers to microphase separate when the energetics of mixing are unfavourable.
To illustrate this consider the case of a simple diblock copolymer consisting of two
chemically different blocks of equal length bonded covalently. This symmetric copolymer
will segregate into regions of each polymer but due to the constraint of the covalent bond
between the blocks, bulk separation does not occur. Instead, lamellar morphology is
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achieved where layers of each block are formed that regularly alternate. Using simple
arguments, in the same vein as those used to produce equation A.7.7, it is possible to
produce an equation decribing the layer thickness (d):
d ∼ aχ 16N 2/3 (1.7.14)
where a is the monomer thickness and χ is the interaction parameter between the two
monomers. This is in rough agreement with expressions derived using more rigourous
proofs with the only difference in result being the numerical prefactors [100].
In the idealised case of symmetric block copolymers, layers of each block are formed. Block
copolymers are however not always of this nature and therefore this morphology will not
always be the produced. Most obviously the length of each block might vary; but other
contributions can come from the size of monomer and the way the monomers pack in the
random coil, all of which can have a significant effect on the size and shape of the blocks
formed and the subsequent morphology [100]. To simplify the argument concerning the
different situations we shall consider this only in terms of volume fractions. This can be
taken to be roughly equivalent to all of the above contributions, as greater polymerisation
leads to a larger volume fraction and the other parameters will also have an impact on the
volume fraction. When it is said that there is more of a polymer this should be taken as it
has a larger volume fraction. It should also be noted that all the morphologies described
only occur when a critical concentration of block copoylmer is surpassed. If there is more
polymer A than polymer B, it is observed that A forms a matrix that B forms structures
within. When A greatly ‘outnumbers’ B, B forms spheres. As the volume fraction of B
increases the structure changes to cylinders of B in a hexagonal lattice through to more
complicated gyroid structures. The same is observed in the reverse where B has a larger
volume fraction than A. These miceller structures are examples of ordered morphologies
that can span several length scales.
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By careful selection of polymers and by manipulating the length of the blocks, it is
possible to produce a range of possible morphologies. Thus far the polymers have been
treated as being in the melt, where there is little or no solvent. For the rest of this chapter
this is not the case and the block copolymer will be in water. Much of the behaviour of
block copolymers in water is similar to the basic theory described to this point. There will
still be microphase separation and the morphologies observed are similar. However there
is also the matter of interactions between the polymer and the water (or other solvent),
which must be considered.
If the constituent polymers are properly selected for the solvent it is again possible
to produce well ordered morphologies. In the case of water a block copolymer where
polymer A is hydrophobic and polymer B is hydrophilic, will behave as an amphiphile.
Amphiphilic molecules can form bilayers, spheres and cylinders based upon the ratio of the
size of the hydrophobic region to the hydrophilic region. It is also possible to form vesicles
and tubes, again based upon the size of the two regions. Examples of this behaviour are
seen in biology in lipids and other surfactants, as well as in various detergents outside
of biology [101]. The key difference between these amphiphilic molecules and the block
copolymer molecules is size. Lipids are small molecules that are generally smaller than 1
kDa while the copolymers can be orders of magnitude bigger.
Examples of producing amphiphilic structures with block copolymers exist. In 1995
Zhang and Eisenberg presented observations of six different (and stable) morphologies
in polystyrene-poly(acrylic acid) block copolymers in solvent [102]. Four of the mor-
phologies observed were spheres, rods, lamellae and vesicles in the solution. The other
two morphologies were observed as the polymer weight fraction was increased so that
micronscale structures were observed. In 2001, Fo¨rster et al. presented a block copolymer
of poly(butadiene) extended with poly(ethylene oxide) (PB-PEO) [103]. It was observed
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that as solvent conditions changed from a high polymer proportion to a lower proportion
(greater solvent content) that the ordered cylinder structures broke down into sphere-
and worm-like micelles. Similar behaviour was observed previously by Hajduk et al.
(1998) with a block copolymer of poly(ethylene oxide) extended with poly(ethylethylene)
(PEO-PEE) [104].
PGMA-PHPMA Gels
It is well known in polymer chemistry that AB amphiphilic diblock copolymers form
ordered micellar gels at relatively high concentrations (around 20 w/w% in water) [105].
This comes about as the hydrophilic ‘A’ block surrounds the hydrophobic ‘B’ block
forming micellar structures. When the concentration gets high enough the individual
structures can interact with one, allowing physical cross-links to form. ABA triblock
copolymers can also form micellar gels and at lower copolymer concentrations (5-10 w/w%
in water). Qualitatively this can be seen to occur as the hydrophilic B block can form
connections between hydrophobic A block micellar cores [106]. The use of this concept
has allowed the formation of gels that are responsive to temperature [107, 108] and pH [109].
A block copolymer of poly(glycerol monomethacrylate) (PGMA) extended with poly
(hydroxypropyl methacrylate) (PHPMA) will be considered, which has previously been
studied [59]. The PGMA is water soluble while the PHPMA is water insoluble, with the
difference producing an amphiphilic block copolymer. The PGMA-PHPMA (refered to
as Gm-Hn for brevity where ‘m’ and ‘n’ refer to the degree of polymerisation) was pre-
pared using the same methodologies as described in this thesis in the study of Blanazs et al.
Blanazs et al. produced three different well-defined, uniform, G53-Hn block copoly-
mers at a concentration of 10 w/w % [59]. With n of 90, 140 and 220, transmission
electron microscopy (TEM) studies indicated three separate morphologies. Spherical
micelles were observed for G53-H90 while worm-like micelles were observed for G53-H140.
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At G53-H220 the block copolymer was observed as a purely vesicular phase.
G53-H140 that is stirred at 70
oC remained a fluid until cooled, when it became a soft
free-standing physical gel as interworm entanglements formed [59]. This form of gelation
has been previously observed in worm-like surfactants micelles [110]. In contrast the sphere
and vesicular phases remained free-flowing liquids after undergoing the same processing.
Rheological studies on the worm gels of G53-H140 demonstrated that at 10 w/w %
undergoes degelation on cooling [59]. There was some hysteresis observed, with degelation
occuring at 14oC on cooling from 25oC yet regelation (in terms of the storage and loss
moduli) did not occur until 22oC. The hysteresis is expected if the transition is treated as
being a first-order phase transition and the belief was that the hysteresis was related to
the timescale of the interworm entanglements.
Blanazs et al. examined the degelation mechanism with dynamic light scattering (DLS)
studies on a 0.50 w/w % G53-H140 solution, where the block copolymer was in a worm-like
micelle form [59]. Above 20oC a hydrodynamic diameter of around 150 nm was observed,
which is consistent with the sphere-equivalent hydrodynamic radius indicitive of worm-like
micelles. As the temperature was decreased below 10oC a hydrodynamic diameter of 30
nm was observed. The cause of this significant size reduction is a morphology change
from the worms to spherical micelles, and this was confirmed by TEM with only spherical
micelles being observed at 4oC. Since the spheres cannot form entanglements it follows
that the mechanism for degelation must be a temperature-dependent reversible worm-to-
sphere transition. The morphological change was further confirmed by small angle x-ray
scattering (SAXS) measurements.
The PGMA-PHPMA molecule is not only responsive to temperature changes, a con-
formation change is also observed when the pKa of the block copolymer is surpassed [60].
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The copolymer is naturally in the worm state at low pH and the addition of negative ions
causes the cylinders to break down to an aqueous solution of spheres.
1.7.4 Photolithography
Scanning Near-Field Photolithography
Photolithographic methods rely on propagating electromagnetic fields and as such are
subject to diffraction effects. This imposes a limit on the resolution that can be achieved,
accepted to be around half the wavelength of the light as a first approximation. However
it is possible to circumvent this diffraction limited restriction by taking advantage of the
near field. If light is passed through an aperture that is smaller than the wavelength of the
light, then very close to the aperture that light is not subject to diffraction effects. This
behaviour only occurs very close to the aperture, and rapidly decays to the conventionally
observed behaviour in the far field. The near field behaviour is only observed closer to
the aperture than the wavelength of the light. A scanning near-field optical microscope
(SNOM) coupled to a UV laser can be used for photolithography and is referred to as
scanning near-field photolithography (SNP).
SNOM is recognised as a complex technique; however, SNP is straight forward in com-
parison. The main problems associated with the use of SNOM are connected to signal
detection and the translation of the probe across the surface. The detection of a signal is
clearly not an issue when lithography is the end product.
As stated, conventional photolithographic techniques have a resolution limit imposed
by the diffraction of light. The resolution that can be achieved is defined by a specific
expression of the Rayleigh Criterion:
R =
0.61λ
n · sin θ , (1.7.15)
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where R is the resolution achievable, λ is the wavelength of light and n · sin θ is the
numerical aperture of the system. This leads to an estimate for the minimum feature size
produced using visible light (violet light being the shortest wavelength with λ = 400 nm)
as about 200 nm.
Using a near-field approach, by scanning the aperture close to the surface (typically
5-10 nm in SNP), features of much smaller than 200 nm can be produced. Considering the
same violet light source as the previous example, it is possible to create features on the
scale of 45 nm; although the methods and details required to reach this value are beyond
the scope of this work, they are available in standard texts [111]. By using wavelengths
in the UV region of the electromagnetic spectrum it is possible to achieve even smaller
structures. For example, in Sun et al., using a 244 nm laser, structures as small as 20 nm
were produced by photo-oxidation of an alkanethiol SAM, mecraptopropanoic acid, on
gold [112].
A major limitation of the SNOM set-up is the slow throughput. Patterning via SNOM is
a serial procedure and as such the time it takes to produce a pattern, is the sum of the
time it takes to produce each individual component. As more and more complex patterns
are designed, it takes longer and longer to actually produce the required sample. This sets
a limit on the size of pattern that can be produced, as it quickly becomes unreasonable to
produce larger scale patterns. The development of the ‘snomipede’ is one such method to
combat this limitation [113]. The snomipede uses 16 parallel scanning probes which are
scanned simultaneously across the surface, so that effectively many pens can write at the
same time. The result is that a large number of very small structures can be produced
in parallel. In principle this methodology can be scaled up to larger arrays, allowing
processing of materials at nanometre resolutions over macroscopic areas.
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Interferometric Lithography
Interferometric Lithography (IL) is a technique that can be used to fabricate periodic
patterns over a large area efficiently without the use of a mask. Crucially the technique
results in patterns that are smaller than those produced by conventional mask based
lithography.
In IL, two or more coherent light waves are set up so that interference between the
waves occurs. This leads to the creation of a sinusoidal pattern of intensity, that can
be used for patterning a SAM or photoresist. When two coherent beams are allowed to
interfere, a periodic pattern of lines is created. This pattern is well defined based on the
position on the surface and the periodicity of the lines (d) can be expressed as:
d =
λ
2n · sin θ , (1.7.16)
where λ is the wavelength of light used, n is the refractive index and θ is the half-angle at
which the beams interfere.
To carry out simple two beam IL, the set-up most commonly used is that of a ‘Lloyd’s
mirror’. The Lloyd’s mirror approach is incredibly simple and cheap to construct with all
the apparatus for patterning being common optical bench equipment. The Lloyd’s mirror
is an ‘L’ shaped construct where one arm holds the sample and the other has a mirror. A
coherent laser beam is expanded and aimed so that half of the beam strikes the sample
directly, while the other half must reflect off the mirror to interfere with the first half of
the beam [114]. The resolution of IL is limited by the diffraction of light, but by using
UV wavelength lasers very small structures, some as small as 19 nm [115], can be formed.
The use of IL forces patterns to be periodic in nature, rather than in SNP patterns
where any shape is possible providing the probe can be programmed to draw the desired
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pattern. It is possible to produce smaller patterns using SNP than IL. However, when
producing polymer brush patterns this is largely levelled due to the requirement of having
enough tethered polymers within a certain area to produce the polymer brush. The
key advantage that IL has over SNP is the speed and simplicity with which patterns
can be produced. Complex step-by-step paths need to be programmed and due to the
linear processing involved in SNP, patterns can take a long time to produce. IL requires
equipment that is common to most optics labs and is compartively simple; all that is
required is a timer to aid in calculating the dose of light that the pattern receives and
a protractor to measure the angle needed from equation (1.7.16). A second advantage,
due to much the same reasoning, is the scale of pattern that is produced. SNP produces
truly nanoscale patterns but due to the linear nature by which they are manufactured it
is not feasable to produce patterns with nanoscale dimensions over square centimetres.
This is not a problem with IL, as the patterning occurs across the entire region that is
illuminated by the interference pattern simulataneously. To a point, any sized pattern
could be produced if a large enough area could be illuminated. The process is however
diffraction limited so there will be an upper limit, nevertheless the example of squared
centimetres is routinely achieved.
1.7.5 Fluorescence Correlation Spectroscopy
FCS is a technique for measuring diffusion that is characterised by its high levels of
temporal and spatial resolution. A defining feature of the technique is that measurements
are taken with ultra low concentrations of the diffusing species. In contrast to other
fluorescence techniques the parameter that is of greatest interest is not the absolute
intensity of the emission, but rather the fluctuations of the intensity. FCS makes it
possible to examine the parameters that are directly responsible for these fluctuations.
For example, the local concentration, the mobility of coefficients and the reactions of the
fluorescently tagged molecules.
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FCS was developed in the 1970s and makes use of the spontaneous fluctuations in
the physical parameters that affect the fluorescence emisson. At ambient conditions these
changes happen continuously and are observed as noise patterns. FCS takes its name from
the mathematical process of autocorrelating which allows the fluctuations to be quantified
in terms of their strength and duration. Autocorrelation measures the self-similarity of a
temporal signal and can be viewed as a measure of the persistance of information.
The basic operating principle in FCS is to make the number of observed molecules
low enough that each molecule has a substantial contribution to the measured signal.
Ideally, the molecules also need to have a high photon yield for each molecule. All of
this can be achieved by integrating this idea of analysing fluctuations with a confocal
detection set up (The theory of confocal microscopy is presented in appendix A.8).
In the most simplistic sense, FCS treats each peak in the noise on an intensity spectra as
when a fluorescent molecule is within the detection volume (figure 1.12. Similarly, the
troughs can be treated as the absense of a fluorophore. This means that the width of
each peak can be treated as the time it takes for a fluorophore to move into and out of
the detection volume. The process of autocorrelation formalises this logic, and provides
a statistical measure of the time required to cross the detection volume. Obviously this
simplistic approach does not deal with all the reasons an intensity signal might fluctuate
but it provides a good starting point. This simple argument does, however, explain
why it is so important that the concentration of fluorophore be optimised. With a large
population of fluorophore, any one moving into or out of the volume produces a small
change in intensity in comparison to the total intensity. If there is only a single fluorophore,
it entering or leaving the confocal volume produces the largest change in terms of relative
intensity.
In principle the autocorrelation procedure provides a measure of self-similarity of a time
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Figure 1.12: A schematic diagram illustrating the process with which an
autocorrelation curve is formed. The fluorescence from the sample is collected using
a confocal approach and the photons are collected at a photodetector. This
produces an intensity spectrum in time that can be autocorrelated to form the
correlation curve which in turn can be fitted to obtain diffusion times. The process
of autocorrelation measures the persistance of light intensity and can be treated as
showing the timescale of residency within the focal volume.
signal and highlights the characteristic time constrants of the underlying processes. Dif-
ferent modes of diffusion produce different shaped correlation curves, while non-radiative
causes produce an entirely different shape, and it is possible to work out the number of
diffusion modes, their relative speeds and proportions from a single curve. A correlation
curve for three dimension diffusion can be described by
G(τ) = 1 +
(
(1− T ) + Te−tτT
) 1
〈N〉 ·
1(
1 +
(
τ
τD
)2) · 1√
1 +
(
z0
r0
)2
· τ
τD
, (1.7.17)
where G(τ) is the autocorrelation function in terms of light intensity, τ is the time delay
between sampling, N is the average number of fluorophores in the detection volume, τD is
the diffusion time of the species in motion through the confocal volume, z0 and r0 are
the dimensions of the confocal volume, and the T and τT describe the non-radiative be-
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haviour due to the triplet state of the fluorophore. This equation is derived in appendix A.9.
The final equation presented describes the situation where a fluorophore can diffuse
either in the bulk of a solution or upon a surface. This illustrates the point about different
shaped curves and how autocorrelation curves for different modes of diffusion are combined.
In the case of this thesis, all samples contain the same fluorophore and as such the different
contributions can simply be added to one another. The proportion of the correlation
curve describing each behaviour then translates to the fraction of molecules diffusing in
each mode.
G(τ) = 1 +
1
〈N〉
 1− f(
1 +
(
τ
τ3D
)2)(
1 +
(
z0
r0
)2
· τ
τ3D
)1/2 + f
1 +
(
τ
τ2D
)
((1− T ) + Te−tτT )
(1.7.18)
where in addition to the terms previously defined τ3D is the three dimensional diffusion
time, τ2D is the two dimensional diffusion time and f is the fraction of fluorescent molecules
upon the surface.
1.8 Summary
In summary, this thesis will set out to examine the diffusion of polymeric systems that
are designed as analogues of the photosynthetic pathway of R. Sphaeroides. In do-
ing so it will be possible to isolate behaviours that can indicate how biological systems
might control diffusion as well as possible design principles for biologically inspired devices.
One strand of this thesis will examine diffusion upon a patterned surface as an ana-
logue for the structure of cell membrane. By following the diffusion of a polymer it will be
possible to examine the impact that structure has upon diffusion. The second strand will
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track diffusion of a diblock copolymer in a responsive gel as an analogue of the cytosol
of a cell. In doing this, it will be possible to suggest whether a responsive polymer gel
is a good representation for the cytosol and whether this could be used as a model for
transport in the cell.
Finally, these two strands will be brought back together to suggest that it is indeed
a control of diffusion that leads to the impressive efficiency in the photosynthetic pathway
of R. Sphaeroides. In addition to this, certain design principles will be extrapolated for
use in biologically inspired devices.
For ease of access, the location of where each topic and research question is addressed, is
presented in table 1.8, as well as a brief description of the arguments dealing with each
topic.
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Chapter 2
Experimental Methods
A number of techniques were used in this thesis. Surface-grafted polymers were produced
using atom transfer radical polymerisation (ATRP) to form barriers for the diffusion
studies. Patterned surfaces were then characterised by scanning force microscopy (SFM)
and confocal microscopy before the diffusion of a probe was measured using fluorescence
correlation spectroscopy (FCS). In addition to these techniques, surface analysis techniques
were used to characterise the produced surfaces, using both contact angle measurements
and x-ray photoelectron spectroscopy.
2.1 Contact Angle Measurements
The theory of contact angle measurements is presented in appendix A.10. Advancing
sessile drop contact angles were measured using a Rime-Hart model 100-00 goniometer
(Netcong, NJ). Using a microlitre syringe, a 2 L drop of water was placed onto the surface
of the sample and the sample stage was lowered until the water droplet separated from
the tip of the syringe. The contact angle of the drop was then measured and repeated 5
times on different areas of the sample to give a mean value.
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2.2 X-ray Photoelectron Spectroscopy
The theory of X-ray photoelectron spectroscopy (XPS) is presented in appendix A.11.
The uncertainties associated with XPS spectra are treated as being too small to be
presented. XPS was carried out using a Kratos Axis Ultra spectrometer (Kratos Analytical,
Manchester, UK) with a monochromatized Al Kα X-ray source operating at a power of
150 W with an emission current of 8 mA and a pressure in the analysis chamber between
10-8 to 10-10 mbar. Electron energy analyzer pass energies of 160 eV and 20 eV were used
to acquire survey (wide) scans and high resolution spectra, respectively. The samples
were prepared with approximate dimensions ca. 5x5 mm2 and then rinsed with ethanol
and dried under dry N2 before analysis. High- resolution peaks were fitted and processed
using CasaXPS software (Casa, http://www.casaxps.com, U.K.).
2.3 Growth of Poly (oligo[ethylene glycol] methacry-
late) brushes by ATRP
2.3.1 Materials
SAM Formation and Derivation: (3-Aminopropyl)triethoxysilane (APTES) (99%), adipoyl
chloride (98%) and glutaraldehyde (25% solution in H2O) were supplied by Sigma-Aldrich.
Ethanolamine was supplied by Riedel-de Hae¨n. Sulphuric acid (1.83 S.G. 95+%), ammo-
nium hydroxide solution (35%), hydrogen peroxide solution (30%) and ethanol (HPLC
grade 99.8+%) were supplied by Fisher Scientific. Cover slips (22 mm × 64 mm and 22
mm × 26 mm, thickness 1.5 mm) were supplied by Menzel-Gla¨ser.
Polymer Brush Growth: Poly(ethylene glycol) methyl ether methacrylate (Mn = 475
g/mol), 2,2-bipyridyl (>99%), copper(I) bromide (99%), copper(II) bromide (99%) were
purchased from Sigma-Aldrich. 2-methacryloyloxy ethyl phosphorylcholine (MPC) was
purchased from Lipidure.
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2.3.2 Self-assembled Monolayer Formation and Derivation
To clean the glassware and substrates prior to SAM formation, they were first sonicated in
a solution of sodium dodecyl sulphate (SDS) in water for 10 minutes and then rinsed with
de-ionised water. Following this the glassware and substrates were immersed in piranha
solution, a mixture of 30% hydrogen peroxide and 70% sulphuric acid, for 20-30 mins
before being rinsed and sonicated in de-ionised water. The substrates for SAM formation
were further cleaned in a Radio Corporation of America solution (RCA), which is a 5:1:1
mixture of H2O: NH4OH: H2O2, and heated to 80
oC for 20 minutes before being rinsed
thoroughly with de-ionised water. To ensure the substrates and glassware were dry before
use, they were placed in an oven at 120oC overnight.
Films of APTES were prepared by immersing clean silicon or glass slides into a 1%
(v/v) solution of APTES in toluene for 30 minutes. After the formation of the APTES
monolayers, the slides were removed from solution, washed with toluene and ethanol and
annealed in a vacuum oven at 120oC for 30 minutes.
Films of APTES on glass were then placed in solution of 2.5 ml of Dichloromethane
(DCM), 10 µL of triethylamine (TEA) and 3.5 µL of α-bromoisobuyryl bromide (BiBB).
The slides were left to react for 20-30 min and then rinsed with ethanol and DCM before
being dried under a stream of nitrogen
2.3.3 Surface initiated ATRP reaction
In a round-bottom flask a mixture of 16 mL of de-ionised water and 16.35 g of poly(ethylene
glycol) methyl ether methacrylate (POEGMA) was degassed with nitrogen for 30 minutes.
To this solution 248 mg (1.58 mmol) of bipyridine (bipy), 80 mg (0.559 mmol) of Cu(I)Br
and 38 mg (0.17 mmol) of Cu(II) Br2 were added. The solution was degassed for 5 more
minutes and sonicated to dissolve any remaining solids. Slides of BIBB-APTES were then
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placed in a Schlenk tube, degassed and put under nitrogen. The polymerisation solution
was carefully added to the Schlenk tubes to begin the polymerisation process and left for
5-30 min depending on the brush height that was required. Once the polymerisation step
was complete the slides were removed and rinsed with methanol and sonicated in a 1:1
mixture of acetone and water before being dried under a stream of nitrogen.
2.3.4 Characterisation of POEGMA polymer brushes
Films formed by the adsorption of APTES on silica, and then derivatised with BIBB, act
as the initiator for ATRP (figure 2.1). A first method of characterisation of the samples
was to make contact angle measurements before and after the derivatisation. The contact
angle rose from 45o on the amine terminated surface to 69o when the BIBB group was
present. This is in agreement with literature values for these surfaces [116].
Figure 2.1: A schematic diagram showing the formation of a BIBB-APTES
monolayer
It is possible to obtain samples with multiple layers of APTES rather than a single layer,
however from the perspective of producing brushes this is not important as long as the
top layer is smooth. The methodologies outlined should provide a monolayer of APTES
which is shown experimentaly using ellipsometry and AFM (A. Ahmed, unpublished 2013).
X-ray Photoelectron Spectroscopy (XPS) was also used at this stage for characteri-
sation of the surface. In the XPS spectrum a Br 3d peak was observed at 68.9 eV (figure
2.2(a)), while in the C 1s spectrum of the BIBB-APTES surface three components can be
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fitted to the peak (figure 2.2(b)). These components suggest the prescence of C-H/C-C
carbons (285.0eV), C-Br/C-NCO carbons (286.4eV) and O=CN carbons (288.0eV).
(a)
(b)
Figure 2.2: XPS spectra of BIBB-APTES on glass. (a) the Br3D region of the XPS
with a peak at 68.9 eV, note that the second peak at 74.2 ev is from Al (OH)3 and
is related to the glass substrate. (b) the C1s region of the XPS spectrum, with the
three components fitted to the peak envelope, corresponding to the C-C/C-H (285
eV), C-Br/C-NCO (286.4 eV) and O=CN (288.0 eV) carbons atoms.
Following the formation of the BIBB-APTES surfaces, POEGMA polymer brushes were
grown via surface inititiated ATRP (SI-ATRP) reactions. XPS studies were completed for
this new system, with focus on the C1s spectrum (figure 2.3). Again three components are
observed within the peak envelope at 285.0 eV, 286.4 eV and 288.8 eV which correspond
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to C-C/C-H, C-O and COOR carbons respectively. This spectrum is consistent with the
structure of POEGMA brushes.
Figure 2.3: C1s XPS spectra for POEGMA contains three components in the peak
envelope corresponding to the C-C/C-H ( 285.0 eV), C-O (286.4 eV) and COOR
(288.8 eV) carbon atoms. The structure of POEGMA is shown as an insert.
2.4 Synthesis of N-[2-(2-Nitrophenyl)propan-1-
oxycarbonyl]-3-aminopropyl-triethoxysilane
2.4.1 Materials
2-Ethylnitrobenzene (98% GC), hydrochloric acid (> 30%), paraformaldehyde (> 95%), 3-
(triethoxysilyl)propyl isocyanate (95%) and benzyltrimethylammonium hydroxide (Triton
B) (40 wt % in methanol), triethylamine (> 99%), potassium dihydrogen phosphate (>
99%) were supplied by Sigma-Aldrich (Poole, UK). Magnesium sulfate, dichloromethane
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(HPLC grade), petroleum ether (40-60), ethyl acetate (HPLC grade) and diethyl ether
(anhydrous grade) were supplied by Fisher Scientific.
2.4.2 Synthesis of 2-(2-Nitrophenyl)propan-1-ol
2-ethylnitrobenzene (first species in figure 2.4) (8.1 ml, 60.0 mmol) was added to a 40%
benzyltrimethylammonium hydroxide (Triton B) solution in MeOH (27.7 ml of solution, 61
mmol), followed by the addition of paraformaldehyde (1830 mg, 61 mmol). The mixture
was refluxed at 80 oC for 20 h, evaporated under reduced pressure to a small volume, and
adjusted to pH 7 with 1 M aq HCl (∼40 mL). The mixture was extracted three times
with EtOAc (60 mL each), and the organic layers were combined, dried with MgSO4,
and evaporated under reduced pressure to give a dark brown oil. This was purified by
flash column chromatography (hexanes/EtOAc, 4:1 2:1) to yield the desired product
(Second species in figure 2.4) as a deep orange oil (3912 mg, 21.6 mmol, 36%); Rf 0.1
(hexanes/EtOAc, 4:1); δH (400 MHz, CDC13) 1.34 (3H, d, J7, CH3 CH), 1.70 (1H, s(br),
OH ), 3.52 (1H, m, CH3CH ), 3.81 (2H, m, CHCH2 O) 7.39 (1H, dd, J 8 and 8, 5-Ph), 7.50
(1H, d, J 8, 3-Ph), 7.59 (1H, dd, J 8 and 8, 4-Ph), 7.76 (1H, d, J 8, 6-Ph).
Figure 2.4: The reaction by which 2-(2-Nitrophenyl)propan-1-ol is produced.
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2.4.3 Synthesis of N-[2-(2-Nitrophenyl)propan-1-oxycarbonyl]-
3-aminopropyl-triethoxysilane
2-(2-Nitrophenyl)propan-1-ol (3518 mg, 19.42 mmol) was dissolved in dichloromethane
(DCM) (18 mL), after which 3-isocyanatopropyltriethoxysilane (5.5 mL, 22.2 mmol) was
added, followed by triethylamine (250 µL, 1.8 mmol), and the mixture was then refluxed
at 60 oC for 24 h. Et2O (25 mL) was added, and the mixture extracted with 0.1 M
potassium phosphate buffer pH 7 (50 mL thrice). The organic layer was dried with MgSO4
and evaporated under reduced pressure, and the residual yellow oil was purified by flash
column chromatography to yield the desired product as a yellow oil (6020 mg, 14.05 mmol,
72%); Rf 0.50 (hexanes/EtOAc, 4:1); δH (400 MHz, CDC13) 0.59 (2H, t, J 8, CH2 Si), 1.21
(9H, t, J 7, OCH2CH3 ),1.34 (3H, d, J 7, CH3 CH), 1.58 (2H, tt, J 7 and 8, CH2CH2 CH2),
3.12 (2H, td, J 7 and 6, NHCH2 ), 3.70 (1H, m, CH3CH ), 3.81 (6H, q, J 7, SiOCH2 ),
4.10 (1H, m, CHCH2 O), 4.23 (1H, m, CHCH2 O), 4.85 (1H, s(br), CONH CH2), 7.36 (1H,
dd, J 8 and 8, 5-Ph), 7.47 (1H, d, J 8, 3- Ph), 7.56 (1H, dd, J 8 and 8, 4-Ph), 7.73 (1H,
d, J 8, 6-Ph).
2.5 Fabrication of PGMA-PHPMA gels
The production and characterisation (for purity purposes) of PGMA-PHPMA gels was
completed by Joseph Lovett.
2.5.1 Material
Glycerol monomethacrylate (GMA; 99.8%) was donated by GEO Specialty Chemicals
(Hythe, UK) and used without further purification. 2-Hydroxypropyl methacrylate
(HPMA) was purchased from Alfa Aesar and used as received. Glycidyl methacrylate
(GlyMA), 4,4-azobis(4-cyanopentanoic acid) (ACVA; V-501; 99%), ethanol (99%, anhy-
drous grade), rhodamine B, thionyl chloride, piperazine, sodium chloride, sodium sulfate,
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diethyl ether, isopropanol, methanol and dichloromethane were purchased from Sigma-
Aldrich UK and were used as received. All solvents were of HPLC quality and were
purchased from Fisher Scientific (Loughborough, UK). 4 - Cyano - 4 - (2 - phenylethane-
sulfanylthiocarbonyl) sulfanyl pentanoic acid (PETTC) was prepared and purified as
reported elsewhere (see E.R. Jones et al. [117]).
2.5.2 Preparation of Fluorescently-tagged Gels
The production of samples was completed by Joseph Lovett, following the protocols laid
out in Blanazs et al. (2012) and Lovett et al. (2015) [59, 60]. The only difference between
the samples produced in these studies and those presented in this thesis is the addition of
a fluorophore so that the system could be studied with FCS. The methodologies for this
can be found in Clarkson et al (2015) [118].
2.5.3 Gel Characterisation
Gels were characterised by NMR spectroscopy and gel permeation chromatography, and
the morphologies formed were examined through dynamic light scattering and transmission
electron microscopy [59, 60, 118]. This was performed by Joseph Lovett.
2.6 Scanning Force Microscopy
The theory of scanning force microscopy, more commonly refered to as atomic force
microscopy (AFM), is presented in appendix A.12. AFM images were captured with a
Digital Instruments Multimode Nanoscope IIIa (Digital Instruments, Cambridge, U.K.),
equipped with a ‘J’ scanner for large scale images.
Samples were washed with ethanol and dried under flowing nitrogen before use. The
samples were mounted on adhesive carbon tabs on magnetic discs, which were placed
on the scanner head. The scan position on the sample was monitored using the optical
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video on the microscope and the cantilever holder was then mounted over the sample.
The atomic force microscope was used in tapping mode, using a silicon tip with a spring
constants of between 20 and 80 Nm-1. The tip was mounted in the tip holder and placed
over the scanner and sample. Then, the feedback laser was aligned on the end of the back
of the cantilever. The horizontal and vertical position of the photodetector was aligned.
The tip was then manually moved to be almost in contact with the surface. The tip
was then tuned to find the resonant frequency of the cantilever. The tip was driven by
the software to be in interaction with the surface and then image can be acquired. The
height images were acquired with a scan angle of 0 and gain setting was monitored by the
software.
2.7 Confocal Microscopy
Confocal fluorescence microscopy images with a LSM 510 meta laser scanning confocal
microscope (Carl Zeiss, Welwyn Garden City, UK). POEGMA brush patterns with Green
Fluorescent Protein were imaged with the upright LSM510 microscope while all others
were obtained with an inverted model LSM510 microscope.
For imaging the POEGMA brush patterns with green fluorescent protein, the sam-
ple was placed between two microscope glass slides. A drop of Citifluor as an antifade
reagent (glycerol-PBS solution, AF1) (Citifluor Ltd, London, United Kingdom) was placed
between the sample surface and the top glass slide. 40 x magnification oil dipping lens
with numerical aperture of 1.30 was used for imaging. A drop of immersion oil (Immersol
518 F, Zeiss) was placed between the slide and the lens. An Ar laser at 488 nm was used
to excite the Green Flourescent Protein and the fluorescence was collected at wavelengths
above 505 nm. All fluorescence images were analysed using Zeiss LSM image browser
software.
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2.8 Interferometric Lithography
IL was carried out using a Coherent Innova 300 C frequency doubled argon ion laser
emitting at 244 nm. A Lloyds mirror interferometer was used in conjuction with the laser
for lithography. The angle between the mirror and the sample in the interferometer, and
the degree of exposure, were varied depending on the periodicity of pattern that was
required, calculated from equation (1.7.16). A single exposure with IL gives a periodic
pattern of lines; to form a grid a second exposure is required that is orthogonal to the first
2.9 Fluorescence Correlation Spectroscopy
A Carl Zeiss Axiovert 200M microscope with an inverted stage connected to a FCS
(ConfoCor2) module is used for all FCS measurements. The microscope is connected to
its own class 3B laser module which contains a number of excitation wavelengths:
• Argon/2 - 458, 477, 488, 514 nm
• HeNe1 - 543 nm
• HeNe2 - 633nm
For the purposes of this thesis, it is the HeNe1 laser that is used in all experiments. A
wide range of dichroic mirrors and emission filters are available on this microscope, as well
as a number of objective lenses. All experiments were completed using the same set-up of
these factors. Firstly, the objective used is a C-Apochromat water immersion lens with a
magnification of 40× and a numerical aperture of 1.2. A schematic diagram showing the
filters and dichroic mirrors is presented in figure 2.5. As shown in figure 2.5, the HeNe1
laser is used to excite the sample at 543 nm. The HFT 543 is the main dichroic beam
splitter that works by reflecting light of 543 nm wavelength and transmitting all others.
After the light has been absorbed by the sample and emitted at the emission wavelength
of the dye the photons are transmitted through this filter. The band pass filter, the filter
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Figure 2.5: A schematic diagram illustrating the path the excitation light must take.
Photons with a wavelength of 543 nm are reflected off of the HFT 543 into the
sample where the sample becomes excited and emits light of a second, longer
wavelength. This passes through the HFT 543 filter before reaching the BP 560-615
filter where only photons with a wavelength between 560 nm and 615 nm are
allowed through to be counted by the detector.
that controls which wavelength of photons pass into the photomultiplier tube, used in
this thesis was the BP 560-615. This means that only photons with wavelengths between
560 nm and 615 nm were counted.
The fluorescent tag used in this thesis is Rhodamine B (RhB), which has an absorption peak
at 540 nm and an emission peak at 565 nm. The RhB was preattached to poly(ethylene
glycol) (Mw of 1, 5, 20 and 40 kDa) and purchased from Nanocs. RhB was purchased from
Sigma-Aldrich for calibration purposes. Coverslips were obtained from Fisher-Scientific.li
2.9.1 Calibration
Before samples were analysed using FCS, the set-up was calibrated using a solution of free
RhB. A solution of RhB in milliQ water was diluted to 10-6 mol L-1 and 1 mL was placed
on a coverslip within a silicone isolator. A second coverslip is then mounted onto the
isolator. 100 µL of milliQ water was then placed on the objective lens and the coverslip
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was placed into the standard microscope mounting. The objective lens was brought up so
that the focal volume passed through the coverslip and into the bulk, using the reflection
of light off the glass as a guide. Pinhole adjustments were then made with the focus in
this position, the focal volume in the bulk. These adjustments were to allow the maximum
amount of photons into the detector while maintaining as small a confocal volume as
possible.
Once adjustments had been made to the pinhole the objective was moved away and
the coverslip removed. A second solution of RhB solution in milliQ water was produced
with a concentration of 10-8 mol L-1, with 1 mL of this solution placed on another coverslip
with silicone isolator and is then topped with another coverslip. Again 100 µL of milliQ
water was placed upon the objective lens, the coverslip was mounted and the objective
lens raised so that the focal volume passed into the bulk solution. At this point a diffusion
measurement was taken for 6 s and repeated 100 times. The resulting autocorrelation
data were averaged and then fitted (using equation 1.7.18) to obtain a diffusion time for
RhB through the focal volume. The diffusion coefficient of RhB in water is well known
and can be taken to be (427 ± 4) µm2s−1 at 298.15 K [119, 120]. Using the literature
value for the diffusion coefficient and the diffusion time fitted, it is possible to calculate
the dimensions of the focal volume, as is standard in the field.
2.9.2 Diffusion measurements in the bulk
Once the system is optimised and calibrated, the samples to be examined in the bulk can
be prepared. The concentration of dye molecules is tuned to 10-8 mol L-1 before being
placed in a suitable carrier for measurement. In general the set-up described in calibration
involving two coverslips and a silicone isolator was sufficient but other carriers were used.
Where an alternative carrier was used, the carrier will be described and the implications
to the methodology will be discussed where appropriate.
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Once the sample was prepared and placed in the carrier, 100 µL of milliQ water was
placed upon the objective lens and the carrier was mounted into the microscope using
the standard microscope mounting. The objective was then raised so that the focal
volume could pass through the bottom of the carrier and into the bulk solution. Diffusion
measurements were made in this position, with the focal plane in the bulk solution so that
interfaces were in the focal volume of the microscope. The measurement time and number
of repetitions vary from experiment to experiment and, as such, will be described where
relevant. Data collected from measurements in the bulk were analysed as described below.
A Linkam FTIR600 stage with a T20 system controller was used to control temper-
ature during FCS measurements when required. The sample was placed in an Ibidi
µ-Dish35mm, High imaging dish. The temperature was cycled from 298 K down to the de-
sired temperature for observation. The system was allowed to rest at this temperature for
5 min, the measurement was taken and then the system was returned to room temperature.
For studies of the pH dependence, 400 µL of each solution was placed in a seperate well
of a Nunc Lab-Tek II 8 chamber slide.
Each measurement was made for 6 s and repeated 150 times and measurements with
average count rates less than 1 kHz were discarded.
2.9.3 Diffusion measurements at a surface
Once the system is optimised and calibrated, the samples that will be examined at
the surface can be prepared. The concentration of dye molecules is tuned to 10-8 mol
L-1 and 100 µL of the solution is placed upon the objective lens. The surface of the
sample is then placed in the microscope mounting and the objective raised. To find
the surface a two step process was followed. The first part involved making use of the
reflection of the laser from the surface with the objective set so that the first reflection
pattern was made as small as possible. Using this method it is possible to get the
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focal volume to within 5 µm of the surface. To get closer to the surface, a z-scan was
made. During the z-scan, the objective steps over a range of positions and measures
the intensity of light at each position. A sharp peak is formed during this measurement,
with the peak maximum being the surface itself. Using this second step the surface is
known to be within 10 nm of the focal plane, and as a consequence within the focal volume.
Patterns upon the surface were located through the use of ‘methanol patterns’. When
the surface was cleaned prior to use, the methanol would ‘highlight’ the location of the
patterned region, as the methanol would not form droplets in that region. The location of
the pattern could then be marked so that it was possible to quickly and easily find the
pattern for future measurements.
When the focal volume is on the pattern there is no way to know what particular
region of the pattern is being observed. It was not possible to grow the polymer brush in
such a way that it could be imaged directly in the confocal microscope. Due to this, the
patterned region was focussed upon, and then measurements were taken across the whole
region, stepping 5 µm in a random direction between each measurement.
Once the surface, and pattern, has been ‘found’, diffusion measurements are made.
It is necessary to repeatedly check the position of the surface, as it can drift over time.
The measurement times and number of repetitions vary between experiments and will
be described in further detail when relevent. Data collected from meaurements at the
surface were analysed as described below.
For each surface, measurements of each polymer (RhB-tagged PEG with molar masses
of 1 kDa, 5kDa, 20 kDa and 40 kDa) were taken consecutively so that the same pinhole
dimensions were used in each case. The surface and objective lens were cleaned thoroughly
between each measurement with a different polymer to avoid contamination.
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Measurements of three seconds were repeated 100 times for a total acquisition time
of five minutes. After the acquisition of this data set, the process for finding the surface
was repeated to ensure that the pattern was still centred within the focal volume. If it
was found that the surface had shifted more than 100 nm then the data set was discarded.
Data were acquired until each data set had the equivalent of 1500 repeats. The raw data
were then averaged to form a single autocorrelation curve that was fitted to extract the
data presented. Only data sets with an average intensity of over 1 kHz were used, any
below this threshold were discarded.
Fitting data collected during diffusion measurements
The LSM-FCS program provided by Carl Zeiss outputs the autocorrelation data as
a plain text file. The data within theses file are analysed using the software pro-Fit
from QuantumSoft. Before analysis it is necessary to transform the time sequence from
microseconds to seconds. The data are fitted to equation 1.7.18 using the Levenberg-
Marquardt algorithm. The key parameter obtained from the fitting process is the diffusion
time, τ , which can be used in conjuction with the focal volume dimensions to obtain the
diffusion coefficient.
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Chapter 3
Using Photolithography to Produce
Patterned Polymer Brush Surfaces
One of the main aims of this work is to produce a surface patterned in such a way that
it is analogous to the partitioning of the cell membrane. By selecting polymer brushes
(synthesised via ATRP) as the barrier between corrals there will be a bottom-up approach
to the nanofabrication of the system. The nanofabrication will also involve lithographic
methods to include a top-down approach. Modern molecular nanoscience has endevoured
for some time to integrate these two approaches yet there is a length scale, between 100nm
and the size of a single molecule, where there are very few methodologies that can produce
specific transformations.
Photolithography was used to produce the surfaces being examined. In semiconduc-
tor industries, photolithography involves focussing a beam of light onto a responsive
surface (a resist) to modify the surface somehow. The simplest examples of photolithogra-
phy being used for patterning specific areas involves the use of a mask of some material
resistant to the high intensity light. The mask can be thought of as being analogous to a
mask used when spraypainting and acts as a guide; only allowing light to reach certain
regions of the surface while blocking its passage to others.
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In synthetic chemistry it is accepted that methodologies are bottom-up approaches
and the processes work by forming specific covalent bonds so as to modify the structure or
function of the targeted molecule. The combination of synthetic chemistry, where single
molecules are manipulated, with photolithography seems to be a powerful combination
with which to pattern the surfaces of interest. However, typically mask-based photolithog-
raphy forms structures on the scale of 100 µm while the systems that are of interest to
this work are on the scale of 100 nm.
Firstly a means of modifying the surface so that bringing light on to it will produce
surface chemistries conducive to the selective growth of brushes will be discussed. Sub-
sequently, two methodologies will be discussed which bring the light to the surface in a
more controlled fashion and can consequently reach the size of structure that is required.
Lithography can be undertaken using a Scanning Near-field Optical Microscopy (SNOM)
set-up, which allows a narrow beam of photons to be brought incident to the surface. A
second methodology refered to as Interferometric Lithography (IL) uses the wave-like
nature of light to produce variations in the intensity of light based upon position on the
surface. The use of NPPOC-protected silane films (to address the selective growth of
brushes) and photolithographic techniques have been used to produce a series of periodic
POEGMA polymer brush patterns that can be used to examine diffusion in a biologically
inspired and analogous system.
3.1 Using Photocleavable Protection Groups as a Guide
for Brush Growth
In light directed chemical synthesis, functional groups that are photo-removable are incred-
ibly useful to protect key groups of a molecule. Selective removal of the photo-removable
group enable the protected group to be accessed and it is possible to take advantage of
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this idea and use it to pattern surfaces on the nanoscale.
Nitrophenyl protecting groups are very attractive in this respect and show high pho-
todeprotection efficiencies. One such group is nitrophenylpropyloxycarbonyl (NPPOC)
protecting group which has been shown to be removed with high efficiencies when exposed
to light with λ > 320 nm [121].
NPPOC-protected aminopropyltriethoxysilane (NPPOC-APTES) can be synthesised
and forms films on silicon dioxide as a self-assembled monolayer. This allows polymer
brushes to be grown using the same methodology as described in 2.3 where the NPPOC has
been removed while no brush can be grown elsewhere. The methodologies for producing
NPPOC-APTES are described in section 2.4
3.1.1 Characterisation and Patterning of NPPOC-APTES films
NPPOC-silane films were formed on silicon substrate and characterised by water contact
angle measurements, AFM roughness measurements and XPS. The water contact angle
was measured to be 70o and the surface roughness (Rq/Ra) obtained by AFM is 0.54/0.42
nm; both of these values are consistent with those found in the literature [122].
An XPS survey scan (not shown) for the NPPOC-silane films showed peaks at 285
eV, 400 eV, 532 eV and 99 eV. These peaks correspond to the C1s, N1s, O1s and Si2p
orbitals respectively. High resolution spectra for the C1s region (figure 3.1) shows that the
spectrum can be fitted with three components at 285.0 eV, 286.3 eV and 289.4 eV which
relate to the C-C/C-H, C-O/C-N and the NCOOR carbons respectively. The percentage
contibution of each component in the C1s band was measured to be 68.2%, 22.0% and
7.7% respectively (calculated values for NPPOC-silane adsorbate molecules are 69.2%,
23.1% and 7.7%).
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Figure 3.1: A high resolution XPS scan of the C1s region of NPPOC-silane film on
Silicon, showing three components beneath the peak envelope corresponding to
C-C/C-H (285.0 eV), C-O/C-N (286.3 eV) and the NCOOR (289.4 eV) carbons.
The proportions of these components (68.2%, 22.0% and 7.7% for C-C/C-H,
C-O/C-N and the NCOOR carbons respectively) is in reasonable agreement for
calculated values (69.2%, 23.1% and 7.7% for C-C/C-H, C-O/C-N and the NCOOR
carbons respectively) for NPPOC-silane adsorbate molecules.
The high resolution XPS spectrum of the N1s region has two bands, one at 400.0 eV and
another 406.1 eV (figure 3.2), which correspond to the nitrogen atoms in the carbamate
(NH2COOH) group and the nitro (NH2) group respectively. The ratio between the am-
plitude of the two peaks should be 1:1 due to an equal number of carbamate nitrogen
atoms and nitro nitrogen atoms; however the ratio is in fact measured to be 1:0.35. The
reduction in the intensity of the nitro peak in the spectrum is most likely to be due to
deprotection of the NPPOC-silane film by the X-rays used in the XPS measurements,
cleaving away a portion of the NPPOC group
To determine the dose used for the photo-deprotection of the NPPOC-silane film by a 244
nm laser (a frequency doubled argon ion laser), XPS was used to monitor the change in
the N1s spectrum with increasing laser exposure time. As the exposure time increases,
the intensity of the nitro peak is observed to decrease as the NPPOC-silane protecting
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Figure 3.2: A high resolution XPS scan of the N1s region of NPPOC-silane film on
Silicon showing two components beneath the peak envelope corresponding to
NH2COOH (400 eV) and NH2 (406.1 eV) nitrogens. The proportion of these groups
is 1:0.35 (NH2COOH:NH2) which is different to the expected proportion of 1:1.
This difference is due to deprotection of the NPPOC-silane film by the X-rays used
in the XPS measurements.
group is cleaved off (figure 3.3). At a dose of 1.52 J cm-2 the intensity of the nitro peak
becomes undetectable, leading to the conclusion that a dose of ≥ 1.52 J cm-2 will ensure
complete deprotection of the adsorbate.
To prove the concept of using NPPOC-silane films for patterning via photolithography,
micron scale patterns were formed by exposing the films to a 244 nm laser while using a
2000 mesh copper TEM grid as a mask. The exposure time was such that the film received
a dose of 1.52 J cm-2. Using AFM, clear differences in contrast can be seen between the
masked areas and the exposed areas. Figure 3.4(a) shows a friction force microscopy
image of a micron patterned NPPOC silane film. The masked areas are the bars while
the exposed areas are the squares, the bright contrast in the exposed regions being due to
high frictional forces between the tip and the surface. This is consistent with the idea that
an amine terminated surface is formed in the exposed area, which will interact stongly
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Figure 3.3: The variation in the XPS N1s region of the NPPOC-silane films with
increasing exposure time from a 244 nm UV laser. The nitro peak intensity
decreases as the exposure time (and consequently dose) increases. At a dose of 1.52
J cm-2 the intensity of the nitro peak becomes undetectable, indicating that this
dose provides complete deprotection of the NPPOC-silane film.
with the polar silicon nitride tip. Conversly the weaker interaction between the non-polar
NPPOC terminal group leads to a darker contrast. In the AFM height image presented
in figure 3.4(b), a slight reduction in height is observed, in the region of 2 nm. Previous
ellipsometry studies have suggested that the NPPOC-silane film consists of multilayers of
the adsorbate with a thickness of about 5 nm [122]. This leads to the conclusion that the
exposure has led to the removal of the topmost layer of siloxane.
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Figure 3.4: 80 µm × 80 µm friction force (a) and height (b) images of micron
patterened NPPOC films. Line sections of the friction (c) and height (d) are also
shown. The clear contrast between regions suggests that the NPPOC-silane films
have been deprotected in the regions where the mask does not block.
To form POEGMA polymer brushes using the micron-patterned NPPOC-silane films, the
exposed areas are functionlised so that the exposed amine is coupled to BIBB. This allows
for the initiation of the Si-ATRP reaction with squares of POEGMA polymer brush. A
good way to visualise this is by taking advantage of the protein-resistant properties of
POEGMA. The brush systems were incubated overnight with Green Fluorescent Protein
(GFP) and then imaged using confocal microscopy. The images (figure 3.5) show a clear
difference in fluorescence between the polymer brush region, where the protein cannot
adhere, and the non-brush region. There are some regions where the fluorescence is ob-
served where there should be brush. These speckles are where the GFP has accumulated
in sufficient levels to be observable. This is suggested to be due to the POEGMA brush
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Figure 3.5: A confocal image of POEGMA polymer brush patterns with GFP. The
GFP adheres to regions where there is no brush. The speckles of fluorescence in the
brush region is due to GFP adhering to the regions were the brush is not dense
enough allowing the GFP to reach the underlying substrate. Once one GFP
molecule has adhered a form of nucleation occurs so that an observable level of
fluorescence if produced.
not being sufficiently dense to prevent the GFP molecule from reaching the underlying
substrate. When this is the case a GFP molecule can adhere which in turn allows a form of
nucleation producing the observable speckle. The reduced brush density can be attributed
to the photolithography removing the initiator molecules in the NPPOC-APTES film
preventing the growth of brush.
3.2 Scanning Nearfield Photolithography
Initial experiments using SNP to produce patterns were sucessful (figure 3.6). Patterns
of arbitary lines could be formed with ease and square grids of various sizes could be
routinely formed. POEGMA brushes grown from these patterns were well defined.
The slow throughput of SNP was the major issue with using this technique to pro-
duce suitable patterns. The programming of the probe path was a time consuming process
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that had to be repeated for producing samples of different sizes. In addition, the serial
nature of SNP with respect to the probe path meant in the time it took to produce one
sample by SNP, in excess of ten samples were produced by Interferometric lithography.
With little difference in the quality of the pattern and the much larger patterned area
from Interferometric lithography, SNP was rejected as the methodology for patterning the
polymer grid structures.
Figure 3.6: A POEGMA brush box structure produced with Scanning Near-field
Lithography imaged with AFM. Brighter regions indicate higher regions and
therefore brush. The brush thickness is 30 nm in this micrograph. The pattern is
well defined with very few stray brush formation.
3.3 Interferometric Lithography
Interferometric lithography was used to produce square grids, with walls of POEGMA
brushes and pores showing the NPPOC-protection group.
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To determine the correct exposure for forming patterns with IL, single exposure lines were
formed and polymer brushes were grown. The result was then imaged with AFM (figure
3.7). The shortest exposure time (providing a dose of 1.37 Jcm-2) produced poorly defined
patterns as the NPPOC-silane films were not fully deprotected. As the exposure time
increases, the brush lines become more defined and increasingly wide as more NPPOC-
silane is deprotected.
A dose of 2.74 Jcm-2 upon the NPPOC-protected SAM produced patterns with well defined
polymer brush lines. Consequently this same dose was used for forming polymer brush
grids by IL. The pitting on the patterns formed after doses of 4.11 Jcm-2 and 6.85 Jcm-2
are attributed to uneven deprotection of the NPPOC-silane films. In the extreme case of
the 6.85 Jcm-2 dose the pitting can be attributed to some ablation of the NPPOC-silane
film. It can also be observed that the lines of brush get thicker with an increased dose of
radiation. This is due to the nature of the intensity profile of the IL spectrum. The sin2 x
function has a non-zero intensity across the majority of the surface. This leads to a process
known as whittling as the increased exposure time leads to deprotection over a wider region.
Sixteen surfaces were selected for use in the diffusion studies from those produced, which
equated to roughly 25% of all of those surfaces produced. This is not a sufficiently high
conversion rate of plane surfaces to patterned grids to be useful for industrial purposes
but it should be stressed that this is currently a small scale production methodology and
is highly dependent on the quality and ‘freshness’ of the precursor materials. Roughly a
quarter of those surfaces that were deemed failures were entire batches where the NPPOC-
protection hydrolised from the surface leading to a homogeneous brush, a phenomenon
associated with NPPOC when it is old. When new NPPOC was produced this problem
ceased. Another quarter of failures were due to problems with the growth of the polymer
brush linked with the age of the initiator or catalyst to the reaction. The remaining half
of all failures came from a number of smaller issues and acounted for a number of patterns
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Figure 3.7: 20 µm x20 µm AFM height images, and corresponding line sections, for
POEGMA polymer brush lines formed by IL at different exposures. The globular
nature of the lines formed at a dose of 1.37 Jcm-2 is due to incomplete deprotecton
of the NPPOC-silane film. The wider features observed at doses of 4.11 Jcm-2 and
6.85 Jcm-2 can be attributed to a whittling effect of the non-zero intensity profile of
the incident light. The pitting observed at these doses is due to uneven
deprotection of the NPPOC-silane films as the initiator is also removed from the
film. The lines produced at a dose of were well defined and therefore this dose was
selected for producing patterns by IL.
within each sucessful batch.
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Failures not due to the quality of the precursor materials could be linked to poor definition
in the patterns. This was often caused by patchiness in the brush induced by the ATRP
not proceeding as quickly as predicted, meaning that very short brushes were formed.
In sucessful patterns there was a dry brush thickness of at least 7 nm, patchy patterns
were observed in cases where thicknesses were in the region of 2 nm. A further source of
failure was in the IL patterning stage where the dose was not at the optimal value for the
production of patterns or the second exposure was not precisely perpendicular to the first.
A selection of AFM height images of sucessful patterns is shown in figure 3.8 with
corresponding line sections. Table 3.1 contains a breakdown of each pattern with the
width of the well and the thickness of brush barrier given.
Sample Repeat Length (nm) Well Width (nm) Barrier Width (nm)
05.09.13s10 182 90 92
05.09.13s02 400 200 200
05.09.13s04 487 240 247
09.11.13s02 400 193 207
09.11.13s03 400 200 200
09.11.13s04 460 230 230
09.11.13s05 380 190 190
30.07.14s03 426 238 188
30.07.14s06 431 225 206
30.09.14s02 236 118 118
30.09.14s11 182 81 101
21.10.14s01 329 144 185
21.10.14s03 350 142 208
14.11.14s03 218 103 115
14.11.14s04 293 110 183
14.11.14s05 269 121 148
Table 3.1: Patterned surfaces used in diffusion experiments in Chapter 4. The
repeat length, well width and barrier width is shown for each surface.
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(a) (b)
(c) (d)
(e) (f)
Figure 3.8: AFM height images and line sections of polymer brush patterned
surfaces. (a) and (b) show the surface 14.11.14s03, the height image is a 1 µm by 1
µm scan. (c) and (d) show the surface 30.09.14s02, the height image is a 10 µm by
10 µm scan. (e) and (f) show the surface 09.11.13s04, the height image is a 15 µm
by 15 µm scan.
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3.4 Patterned Polymer Surfaces in relation to Cell
Membrane Structure
The surfaces produced by IL are well defined squared grids and are highly reproducible.
The patterns formed once the polymer brush is grown from the surface mostly retain this
structure, with some issues arising due to the nature of a brush structure. The brush
conformation is induced by the proximity of other tethered polymers, at the boundary of
the brush region some polymers will not have the confining effect of neighbours to force
the upright stance familiar in a polymer brush. This is not as noticeable on structures
with larger repeat lengths yet on the surfaces with well widths in the region of 100 nm
the effect can be quite noticable. As a consequence this puts a lower limit on the size
of patterns that can be produced using this methodology. Obviously smaller structures
could be produced, and be well defined, if brushes were not necessary.
The minimum limit on the size of polymeric grid structure is not an issue in the context
of an analogue for the cell membrane. Based upon the works cited in section 1.5, the
dimensions of the compartments in the cell membrane are of the order of 100 nm and,
with regards to the specific case of R. Sphaeroides, the chromatophore vesicle itself would
have a surface area equating to a well size of 100 nm [1, 2]. The smallest pattern formed
for this work had a well width of around 80 nm so is already smaller than the biological
equivalent. It would not be feasible, using the current methodology, to explore smaller
dimensions than this.
The major difference between the polymeric grid system and the structure of the cell
membrane is the relative thickness of the brush barrier to the compartment formed
between the brushes. In the case of the polymeric grids there is roughly a 1:1 ratio. The
barrier is the same width as the well which comes about due to the sinusoidal nature of
the intensity of light used for patterning with regards to position on the surface. This can
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be compared with a typical biological case, that of normal rat kidney (NRK) epithelial
cells which have compartments with a width of 230 nm and an effective barrier of between
5 and 10 nm [6].
The comparison with NRK epithelial cells is especially poignant as many measurements on
NRK cells show compartments have a reasonable approximation to a square grid structure
[6]. The compartments in NRK cells are arranged such that a double compartment
structure is observed. Four square grid compartments are arranged with an extra thick
barrier (10 to 20 nm) surrounding the set to form an even larger square grid. This suggests
that the choice of a square grid for the polymeric systems is appropriate not only from the
mathematic and practical perspective but because it is also observed in some biological
systems.
The barrier thickness of the polymeric system is much larger than would be appro-
priate in a comparison with a NRK cell, or many other eukaryotic cells, but could be
treated as more analogous to more specialised cell membrane structures such as the initial
segment of the neuron cell. As argued in section 1.6.2 a similar structure might be used
to keep the photosynthetic pathway of R. Sphaeroides.
3.5 Summary
Periodic patterns of POEGMA polymer brushes have been formed using a combination of
photolithography and synthetic chemistry. The use of NPPOC-protection groups on the
APTES SAM allow selective deprotection of the film where brush will be grown. This
methodology is a success, allowing the growth of polymer in selected regions when the films
are patterned to form micron patterns (using traditional mask-based photolithography)
and nanoscale patterns (using SNP and IL).
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The use of SNP to form patterns was successful but was not efficient with regards
to the time required to produced samples. Patterning through the use of IL was also
sucessful and could produce patterned surfaces quickly and efficiently. Periodic squared
grids of POEGMA brush were produced, with wells that had comparable sizes to the
compartments of a cell membrane. The major difference between the biological and
polymeric systems (excluding the obvious difference in the materials used) is primarily in
the width of the barrier thickness which are comparable to the size of the well. This is
not the case in NRK cells or in most eukaryotic cells, yet could be compared favourably
with the structure of the initial segment of the neuron. It is also a possible structure for
the region surrounding the chromatophore vesicle in R. Sphaeroides, which makes it a
very interesting system to examine the diffusion upon.
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Chapter 4
Surface Diffusion on Polymeric Grids
The diffusion of membrane molecules is a topic of great interest and as such there has
been much work in this area. The key observation discussed in section 1.5 is that of the
large reduction in the diffusion coefficient of the molecules in the cell membrane. The
explanation of this behaviour is attributed to the structure of the membrane, leading to
interactions between the membrane molecules and the cytoskeleton. A major question is
how much of the behaviour is related to the physical structure imposed by the cytoskeleton
and how much is related to the molecules themselves. This debate has lead to two thought
processes among biologists observing diffusion in the cell membrane; those who believe
that interactions with the cytoskeleton is the major ‘driving’ force and those believing
that the behaviour can be attributed to ‘rafts’ and the formation of regions with markedly
different compositions. It should be stressed that there are of course biologists who take a
middle ground and propose there is an interaction between the two.
From the perspective of this thesis, there are similarities between these two approaches,
which are that they both advocate the prescence of distinct regions subtly different from
each other, whether due to the proximity of the cytoskeleton or due to different composi-
tions of membrane molecules. A logical leap can be made that this difference will lead
to a different diffusion coefficient, a leap that is in keeping with the barrier described by
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Novikov et al. (2011) [84].
The surfaces manufactured in Chapter 3 can be seen to mimic this approach in two
dimensions. The diffusion of PEG upon POEGMA brushes is faster than diffusion of
the same polymer upon an NPPOC-protected SAM. However, the diffusion of probes
within a brush has been observed to be much slower, often two orders of magnitude slower
[123]. Although there are differences between the polymeric system and an idealised cell
membrane in terms of structure (for example the width of the brush region is much larger
than the corresponding width of a barrier produced by the cytoskeleton), the polymeric
surface can be treated as a reasonable analogue. Polymers inside a well will be relatively
unhindered as will any polymer on top of the brush or in the bulk solution. However,
in the same vein as the hop diffusion model, polymers can get between wells and the
mechanism for this could be in the form of a ‘hop’ via a transitionary phase in the bulk
solution or possibly by moving through the brush itself. It is plausible that observation of
the diffusion of PEG will suggest which methods are in fact used.
Another plausible result obtained from the diffusion of PEG upon the polymeric grid is the
impact that topography alone has on diffusion. Using biological molecules it is virtually
impossible to do this and as a result demonstrating considerable difference from either
homogeneous surface (be that pure brush or pure SAM) will lead to a possible conclusion
that the structure has a considerable role in the diffusion of membrane molecules.
4.1 Comparing Polymeric Grids to the Cell Mem-
brane
The polymeric grids produced in Chapter 3 are considered analogues of the structure
observed in the cell membrane that is induced by the membrane skeleton fence model
and the transmembrane protein picket model. In section 3.3, the relevance of these grids
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from a structural perspective is briefly addressed. The size of the structures, varying
between well sizes of about 250 nm down to around 80 nm, are of similar dimensions to
the compartments in the cell membrane. It was also established that the size of the well
was congruent with the surface area of a chromatophore vesicle in R. Sphaeroides. The
break in comparison of the polymeric system and the cell membrane, comes when the
size of the barrier is considered. The barrier in the cell membrane is the lengthscale over
which the proteins responsible for hindering diffusion act. This is observed to be in the
region of 5 to 10 nm in the case of Normal Rat Kidney Epithelial (NRK) cells [6]. Taken
at face value this is not a good fit for the 1:1 ratio of well to barrier in the polymeric system.
The ratio of 1:1 between barrier and compartment is not a perfect fit for the case
of NRK cells, as well as the general structure in the cell membrane, but the case of the
neuron, as described in section 1.5, could be seen as being in agreement with this approach
(polarisation of the proteins in a membrane due to very thick barriers). It can also be
recognised that the thickness of the barrier itself is not necessarily the defining factor on
how constrained the diffusion will be. Using the theoretical work of Novikov et al. (2011)
as a starting point, it can be recognised that while the barrier thickness is a contributing
factor, the diffusion of the species within the barrier is also key. If the diffusing species
can move relatively freely then a very wide barrier is required to have the same impact
as a thin but highly confining barrier. Equation (1.7.8) describes this logic mathematically.
In addition to the structural concerns, there is also the matter of the materials used in
the construction. By the very nature of the aims set out, specifically to isolate the impact
of structure, the polymeric grid is chemically very different to the cell membrane. The
polymer grid is designed so that there is minimal interaction between the diffusing species
and the barrier. With PEG as the diffusing species, and POEGMA the barrier, there will
be no interactions, bar those of physical contacts and entanglements. The substrate used,
an NPPOC-protected silane SAM on glass, is hydrophobic and will consequently lead to
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PEG molecules spending longer on the surface than on some hydrophilic surface, such as
the brush. This is ideal, because a major problem with using polymers is the fact that
the polymer is in solution and must come down to the surface. It will periodically adsorb
and desorb from the surface, potentially jumping over the barrier. While the diffusion
in the cell membrane is refered to as ‘hop diffusion’ this does not imply the proteins or
lipids undergo a similar jump. The membrane molecules are confined to the plane of the
membrane while the polymer being observed is not. As such there will be a bulk diffusion
component that will be observed which would obviously not be observed in the biological
case.
4.2 Results and Discussion
Two approaches to presenting the results were made, the first was the confinement
parameter, X2c , described by Wawrezinieck et al. [52]. The second was in terms of the
perimeter of well that is within the observation area. An estimate for the number of
wells was reached by using the Gauss circle problem, treating the wells as lattice points
(the Gauss circle problem treats the wells as lattice points and attempts to estimate the
number of wells that would be under the focal volume if it were randomly placed on the
surface). The first approach allowed for a more direct comparison with the cell membrane
as this was the way that diffusion experiments are often presented. It is also worth noting
that X2c is a ratio of areas, so a comparison with the perimeter of the wells observed is
also of interest from a physical perspective. Table 4.1 shows the confinement parameters
and perimeters for each surface. Both of these measures required the knowledge of the
size of the observation area, which was collected prior to the use of each surface using the
methodology for calibration in section 2.9.1.
To better understand how the patterning of a surface impacts the diffusion upon it,
it is necesssary to have knowledge of diffusion on an unpatterned surface. As control
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Sample Confinement Parameter, X2c Well Perimeter in Focal Volume (µm)
05.09.13s10 26.1±1.4 2.30±0.22
05.09.13s02 4.4±0.4 0.88±0.08
13.09.13s04 2.90±0.26 0.68±0.07
09.11.13s02 2.79±0.25 0.0.70±0.07
09.11.13s03 4.0±0.4 0.81±0.08
09.11.13s04 2.98±0.27 0.69±0.07
09.11.13s05 4.3±0.4 0.82±0.08
30.07.14s03 3.16±0.29 0.94±0.09
30.07.14s06 3.4±0.3 0.84±0.08
30.09.14s02 12.1±1.1 1.4±0.14
30.09.14s11 23.3±2.1 1.5±0.14
21.10.14s01 8.3±0.8 0.92±0.09
21.10.14s03 8.6±0.8 0.81±0.08
14.11.14s03 17.6±1.6 1.62±0.15
14.11.14s04 14.5±1.3 0.90±0.09
14.11.14s05 11.3±1.0 1.11±0.11
Table 4.1: A table showing the confinement parameters and observed well
perimeters of the produced patterned surfaces.
experiments, a number of measurements were made on surfaces of homogeneous POEGMA
brush grown as decribed in section 2.3, as well as unpatterned NPPOC-protected SAMs
on glass. Example correlation curves for the diffusion of 20 kDa PEG in both cases,
are presented in figure 4.1. Extended measurements show that the PEG diffuses on the
NPPOC-protected SAM at between 6 and 8 µm2s-1, depending upon the molar mass of
the polymer used. By contrast, the diffusion of PEG on the POEGMA brush is seen to
proceed at a diffusion coefficient of between 15 and 20 µm2s-1, again dependent upon the
molar mass of the polymer in question. The diffusion coefficient of PEG on a POEGMA
brush is consistent with the idea that the polymer diffuses on top of the brush layer
rather than within it, as suggested by the magnitude of the diffusion coefficient and TIRF
microscopy studies conducted by Z. Zhang (unpublised 2012). Both of these results are
consistent with previous results from the research group (Z. Zhang unpublished 2012).
Diffusion on the surface of the POEGMA brush is quicker than on the NPPOC-protected
SAM which is in agreement with the notion that the POEGMA brush interacts with
the PEG more weakly than with the SAM, which allows faster diffusion. However, the
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Figure 4.1: Correlation curves showing the diffusion of 20 kDa PEG chains on
homogeneous surfaces of NPPOC-protected SAM and POEGMA brush. The curves
show both the diffusion of PEG in the water above the surface and a separate
component upon it. The diffusion on the NPPOC is slightly slower than that upon
the POEGMA brush but there is a slightly higher concentration of PEG chains on
the NPPOC surface than the POEGMA brush.
proportion of PEG upon the surface is slightly increased on the NPPOC-protected SAM
in comparison to the POEGMA brush, which can be explained by the more hydrophobic
nature of the NPPOC.
X2c will be defined as
X2c =
piW 2
4 · L2 (4.2.1)
where W is the diameter of the focal point, or beam waist, used to make the mea-
surements, and L is the width of the well being observed. Using this definition, it is
possible to place the homogeneous surfaces at opposite ends of the scale. The homo-
geneous NPPOC-protected SAM can be seen to be a well with an infinite width, and
consequently X2c = 0. At the opposite end, the homogeneous POEGMA brush surface
can be thought of as consisting of wells with a width of zero. This would equate to X2c =∞.
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The diffusion coefficient of PEG is therefore expected to have two extreme behaviours
based upon the value X2c ; allowing for predictions of the behaviour that will be observed.
At large well sizes, it would be expected that the PEG chains will diffuse as though they
were on a homogeneous NPPOC surface. As the wells shrink in size, some intermediate
behaviour will be observed, as in the biological case, where the size of the well is similar to
the size of the observation spot. At some point the PEG will cease to diffuse on the bottom
of the well and instead diffuse on the top of the POEGMA brush. It is hypothesised that
this change in behaviour will occur when the feature size is comparable to the size of the
PEG chain.
4.2.1 Correlation Curves
The correlation data acquired were initially treated as described in section 2.9.1, with
the curves from individual measurements averaged, and then fitted using equation A.9.31
using the Levenberg-Marquardt algorithm. In the homogeneous cases two diffusion modes
were extracted, a mode that was related to the diffusion of PEG in three dimensions in
water and a mode that was related to the diffusion of PEG on the respective surface. In
the case of the patterned surfaces, a third independent component was observed. The
identity of the third component was a very slow surface diffusion mode and was observed
in all samples and across all molar masses of PEG. Figure 4.2 shows the normalised
correlation curves obtained from observing 1 kDa PEG on the patterned surfaces.
Figure 4.2 demonstrates that as the confinement parameter increases there is a larger
proportion of molecules present in the third, very slow mode of diffusion. This is made
clearer in figure 4.3 with only three normalised correlation curves. It can be seen that the
bulk diffusion is unaffected by the increase in confinement parameter, primarily with the
same proportion of molecules diffusing in the bulk across all of the confinement parameters
observed. The first, faster surface diffusion mode, appears to relate to a consistent diffusion
time across the range of confinement parameters. The slower surface mode becomes more
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Figure 4.2: Normalised correlation curves showing the diffusion of 1 kDa PEG
chains on the patterned polymeric grid surfaces, with respect to the confinement
parameter that defines each surface. The curves show both the diffusion of PEG in
the water above the surface and diffusion upon it. The bulk component is unaffected
by the differing patterns upon the surface, with the introduction of a second mode
of diffusion, whose proportion increases as the confinement parameter increases.
This can be seen as an overall slowing of diffusion as the well size decreases.
prominent with an increase in the confinement parameter, yet the diffusion times also
appear to remain constant across the range observed. The parameter that changes with
the increase in confinement parameter is the ratio between the proportions of these modes,
with the slower mode becoming more prominent with increasing confinement.
The fitting of the correlation curves collected was achieved with the use of a modified
version of equation 1.7.18. With the inclusion of a second surface diffusion component,
the behaviour was only slightly more complex. This was due to having the same probe
in all behaviours and therefore the components were simply cumulative. The modified
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Figure 4.3: Normalised Correlation curves showing the diffusion of 1 kDa PEG
chains on the patterned polymeric grid surfaces, with respect to the confinement
parameter that defines each surface. The curves show both the diffusion of PEG in
the water above the surface and diffusion upon it. The lines plotted through each
curve are the fits of the correlation curve with respect to equation 4.2.2. As in
figure 4.2 the increase in confinement parameter is seen to lead to a slowing of
diffusion upon the surface, which is manifested as an increase in the proportion of
molecules diffusing in the slow surface diffusion mode.
equation describing the behaviour can be taken as
G(τ) = 1 +
Gtriplet(τ)
〈N〉
 1− f2 − f3(
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τ
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(4.2.2)
where τD1, τD2 and τD3 refers to the bulk diffusion time, the first surface diffusion time
and the second surface diffusion time respectively, and f2 and f3 refer to the proportion
of molecules that are diffusing with the diffusion times τD2 and τD3 respectively. The
validity of adding this third diffusion mode (second surface mode) was confirmed through
the use of a statisical F-test.
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4.2.2 Diffusion Coefficients and Confinement
Once the raw curves are fitted it is possible to extract information like the diffusion times
of each mode of diffusion and the proportion of molecules that are diffusing in this mode.
It should be stressed that this is not in the strictest sense the absolute proportion of
molecules in each regime. Rather it is the proportion of photons that have been collected
that came from molecules in each mode. Due to the fact that the fluorescent probe is the
same in each regime, it can be suggested that the proportion of photons is the proportion
of molecules, but it should be stressed that in systems involving multiple probes this
may not be the case. A further point to be considered is that this proportion is not
fixed in such a way that all molecules observed within the bulk regime are fixed there
permenantly. The proportions are dynamic in nature; molecules from each regime will
interchange regularly. Specifically, molecules in the bulk will come to the surface and
spend some time in either of the two surface modes, perhaps even transforming between
the two before returning to the bulk.
The errors associated with the confinement parameter are a combination of the un-
certainty in the measurement of the size of the polymeric grids and the standard error
obtained when determining the size of the FCS beam waist. Similarly, the error associated
with each diffusion time is related to the standard error from the fitting of the correlation
curves and the uncertainty from the determination of the FCS beam size. The error
associated with the proportion of each component is the standard error from the fitting of
the raw correlation curves. It is possible to minimise the standard errors obtained from
fitting FCS correlation curves by taking longer measurements during the acquisition of
data, to produce correlation curves with better signal-to-noise. It is difficult to reduce
the uncertainty involved in the dimension of the patterned surfaces, the methodology
described in chapter 3 minimises this as much as possible.
Figure 4.4 shows fitted values for the diffusion times and their proportions. Three
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Figure 4.4: Diffusion Coefficients of 1 kDa PEG molecules on a patterned polymeric
grid surface plotted with respect to the confinement parameter X2c . Three separate
diffusion coefficients are observed, corresponding to three modes of diffusion. Errors
in diffusion coefficient are plotted yet are very small in comparison to the size of
their marker. Red relates to bulk diffusion mode, blue to the fast surface diffusion
mode and green relates to the slow surface diffusion mode.
seperate diffusion coefficients were obtained for each polymer on each surface. Each diffu-
sion coefficient remained consistent across the range of confinement parameters examined.
While this is expected in the case of bulk diffusion, it initially appears that confinement
seems to only induce a third mode of diffusion and that the diffusion coefficient is not
impacted by the change in confinement.
Figure 4.5 demonstrates that the larger polymer chains diffuse slower than shorter chains,
with the longer chains slower in each mode of diffusion. This is in agreement with basic
theory. The diffusion coefficient values obtained from diffusion in the three dimensions
are consistent with PEG chains diffusing in water. The first surface diffusion mode is
consistent with a PEG chain diffusing on a homogeneous NPPOC surface, implying that
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the polymer diffuses primarily at the bottom of the wells in the grid. The second surface
diffusion mode is two orders of magnitude slower than this (henceforth referred to as the
slow surface component). This slow surface component is therefore of the order of the
diffusion of single tracer molecules through a polymer brush [123].
The proportions of moleules exhibiting each mode of diffusion does change with changes in
X2c within the range observed (figure 4.6). As X
2
c increases the proportion of molecules in
the slow surface diffusion mode increase until a threshold is met, whereupon the proportion
of molecules in this mode levels off to a constant. It was inferred that at zero confinement
there would be a proportion of slow surface diffusion of 0%, based upon the preliminary
experiments. This allowed the results to be fitted with a form of the error function of the
form
y = (0.5 · A) · (1 + erf((B · x)− C), (4.2.3)
where A, B and C are fitting parameters. y is the proportion of molecules in the slow
surface diffusion mode and x is the confinement parameter. Although physical parameters
have not been linked to the fitting values, it can be seen that A relates to the maximum
proportion of molecules in the slow surface mode while B and C describe how sharp the
transition between the unimpeded and the confined states is. Theoretically the modified
error function does not reach zero at a confinement parameter of zero, this will only
happen at X2c = −∞ (which has no physical meaning), however the amplitude of the
function will still be small in this region.
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(a)
(b)
(c)
Figure 4.5: The diffusion coefficient of each mode of diffusion with respect to the
confinement parameter. (a) the bulk diffusion mode. (b) the fast surface diffusion
mode. (c) the slow surface diffusion mode. Longer molecules diffuse slower than
smaller molecules and the line shows the mean diffusion coefficient of each
molecular weight of PEG in each mode with a thickness relating to the standard
deviation from the mean. Lines of best fit had been plotted yet these showed no
correlation between confinement parameter and diffusion coefficient.
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The fitted values for the parameters A, B and C, in equation 4.2.3, are presented in
table 4.2. In conjunction with the graphs in figure 4.6, it can be seen that the amount of
confinement increases (height of plateau in the graphs and the value of A in the table) as
the molar mass of the diffusing polymer increases. The gradient of the curve leading up
to the plateau is also much steeper in the larger molar mass polymers.
Polymer Molar Mass (kDa) A B C
1 29.2 (±1.3) 0.190 (±0.05) 0.72 (±0.17)
5 33.8 (±2.2) 0.25 (±0.12) 0.9 (±0.4)
20 40.9 (±1.4) 0.45 (±0.11) 1.4 (±0.4)
40 40.9 (±1.6) 2.3 (±1.0) 7 (±3)
Table 4.2: The fitted values of the parameters in equation 4.2.3 as taken from the
data presented in figure 4.6.
The fits are generally very good. There are isues with the region surrounding low values
of X2c , where the fitted parameters suggest there will be a significant non-zero fraction
of molecules undergoing diffusion in the slow surface mode upon unpatterned, homo-
geneous NPPOC-protected SAM surfaces. This is not observed experimentally. This
behaviour is also not observed in the fitted values obtained for 40 kDa PEG. If the fitting
parameters are constrained to produce a value of zero (or very close to zero due to the
nature of the error function) the fitted value for A is heavily reduced in all polymer
molar masses examined, producing a consistent value of 10% of molecules in the slow
surface mode. This is also clearly incorrect as the data themselves clearly demonstrate an
increase in the fraction that are in this confined motion. This suggest the model does
not perfectly fit the observed data, however no other model fits the transition between
states (unperturbed to confined modes) effectively. What can also be obtaind from this
data and model is the idea that the polymer molar mass has a significant impact on
the sharpness of the transition. In terms of relative area, molar mass is a very strong factor.
Attempts were made to produce a model, with fitted values, that would also include the
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(a) (b)
(c) (d)
Figure 4.6: The percentage of surface diffusion of PEG that is in the slow surface
diffusion mode presented in terms of the confinement parameter. (a) is 1 kDa PEG,
(b) is 5 kDa PEG, (c) is 20 kDa PEG and (d) is 40 kDa PEG.
preliminary experiment suggesting X2c =∞. This was deemed impossible due to a lack of
knowledge of the decrease from the plateau back to a proportion of slow surface diffusion
of zero. Although it could be argued that this transition occurred when the size of the
well was approximately the size of the polymer molecule, without a precise knowledge
of the transition it was impossible to produce a suitable function. By assuming that the
shape of the decrease was the same as that of the increase, it was possible to use a rational
expression for a rectangular function. It was not possible to fit this using an algorithm as
there were not sufficient data points across the entire range, and specifically the far edge
of the function, relating to very large confinement parameters. Other models that did
not produce satisfactory results included hyperbolic tangent functions and exponential
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functions.
A further means of approaching the confinement of the polymer within the wells is
to examine the relationship between the amount of interface between the two distinct
regions of surface (NPPOC and brush) to the amount of slow surface diffusion observed.
This approach is a logical step from that of the confinement parameter, as the presence
of an interface between regions is the main difference between the patterned polymeric
surface and the homogeneous surface. The amount of interface is presented as the well
perimeter observable within the FCS observation area. The value for this parameter is
reached by treating each well as a discrete point on a square lattice, and then applying
the logic used in the solution to the Gauss circle problem to get an average number of
wells and an associated uncertainty. Strictly the Gauss circle problem is best used when
there are a large number of lattice points but the solution provided in valid and gives a
good estimate for the amount of interface that will be present. The graphs illustrating
data treated in this way are presented in figure 4.7 along with a fitted line based upon
equation 4.2.3. The values for parameters fitted to equation 4.2.3 are presented in table
4.3.
Polymer Molar Mass (kDa) A B C
1 29.7 (±0.5) 10 (±3) 7.6 (±2.4)
5 31.7 (±0.6) 9 (±4) 7.9 (±3.7)
20 41.3 (±2.4) 4.5 (±1.2) 3.3 (±0.9)
40 45.6 (±2.6) 3.2 (±1.0) 2.2 (±0.8)
Table 4.3: The fitted values of the parameters in equation 4.2.3 as taken from the
data presented in figure 4.7.
Data takes on a subtly different appearance when treated in terms of well perimeter
rather than the confinement parameter. The first difference is that the curves produced
are generally sharper. This implies that the transition from normal diffusion to confined
motion can be primarily treated as a being caused by the amount of interface. This leads
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(a) (b)
(c) (d)
Figure 4.7: The percentage of surface diffusion of PEG that is in the slow surface
diffusion mode in terms of the well perimeter in the FCS observation area: (a) 1
kDa PEG, (b) 5 kDa PEG, (c) 20 kDa PEG and (d) 40 kDa PEG.
to the second difference, which is that the four curves produced by the data have more
similarities in shape, all of the curves having a sharp transition at the same point. The
only major difference between the four curves in figure 4.7 is the height at which they
level off into a plateau, which increases with the molar mass of the polymers.
As previously stated, the value that the transition between diffusive modes occurs appears
to be consistent between all four polymer molar masses. This suggests that there is
some importance to a value of 0.7 µm of interface within the observation volume. The
significance of this is not clear, it is suggested that this amount of interface provides the
optimal amount of brush for the diffusing PEG to interact with.
127
Attempts were made to produce a function that would be in keeping with the pre-
liminary experiments, specifically that the slow surface diffusion mode would disappear at
some suitably large value for the amount of interface within the observation area. This
fails for the same reasons that the attempt using confinement parameters failed, the range
of values is too large and there are too few known data points at the far edge.
4.2.3 FCS diffusion laws
The FCS diffusion laws aim to use the variations in the diffusion time of a diffusing species
to work out the structure of the medium in which it is moving. Originally designed to deal
with the strucutre of the plasma membrane, it seems more than reasonable to use this
approach to analyse the diffusion on the analogous polymeric system. The FCS diffusion
laws are discussed in more detail in section 1.7.1.
The first requirement to use the FCS diffusion laws is to have a single ‘macroscopic’
diffusion time. This is achieved by taking the weighted average diffusion time based
upon the correlation curves previously presented. The average diffusion time can then be
plotted against the confinement parameter and a straight line fitted through the points
at a sufficiently high X2c . This follows the arguments presented by Wawrezinieck et al.
(2005) [52]. The straight line will be fitted to data with a confinement parameter that is
greater than 10 (as is the case in Wawrezinieck et al. (2005)) and the structure will then
be evaluated.
Figure 4.8 shows the graphs plotted using the FCS diffusion laws with an accompa-
nying straight line fitted appropriately. It can be seen that all four polymers produce
straight lines with a positive intercept, which suggests an ‘isolated microdomain’ structure
based on the FCS diffusion laws. At first this may not seem correct, due to the similarities
of the polymer brush grid to that of the ‘meshwork’ structure, but it should be noted that
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a meshwork structure would have a well that was much larger than the barrier between
neighbouring wells. Crucially, the meshwork structure implies that the lengthscale that
each barrier effects is larger than the average seperation between barriers. In the polymer
brush grid, a 1:1 barrier to well structure is seen, which would be much closer to the
isolated microdomains in that the lengthscale impacted by the presence of the brush
is quite small in comparison to their seperation. Although the isolated microdomain
structure is supposed to be random, it is unlikely that the periodic nature of the grid will
have an impact upon this lengthscale (or the y-intersept), rather for conceptual purposes it
will suggest the use of the term corrals to avoid confusion between a random and ordered
orientation.
The positive y-intercept, and therefore the corral structure, is reproduced if the line of
best fit is drawn through points with a X2c above 15 and 20. Although there are too few
points to draw large conclusions it is a good control suggesting that the same behaviour
is observed at larger X2c .
4.2.4 Comparison to the Biological Case
The introduction of wells into a polymer brush surface has a significant impact on the
diffusion of polymers diffusing upon it. This is not entirely dissimilar from the biological
case, where the behaviour of membrane molecules is markedly different between artificial
membranes and those of a cell. The introduction of structure has changed the behaviour
of molecules diffusing within the system. As previously recognised, the polymeric system
is not a true analogue of the cell membrane, yet will function as one for the purposes of
observing the impact of the structure upon the diffusion of molecules.
The first point of comparison is the observation of three, distinct, modes of polymer
diffusion. The bulk diffusion mode is of no importance to the physics beng discussed, but is
useful for the purpose of comparison. The two surface modes are therefore compared with
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(a) (b)
(c) (d)
Figure 4.8: Average diffusion time plotted with respect to the confinement
parameter. A straight line fitted through the points above a confinement parameter
of 10 (shown in blue) gives a positive y-intercept in all cases, which suggests a
system of isolated microdomains. This is largely in agreement with the known
structure being examined.
the single mode observed in the cell membrane. It is known that the diffusion coefficient
of the single mode observed in cell membranes is related to the size of the observation
area with respect to the size of the compartment in the membrane. The first point to
make is that within the membrane, all molecules are confined. More specifically they
cannot leave the bilayer. In the polymeric case, the PEG can leave the surface so as to
escape the wells. This is the culprit behind the fast surface mode of diffusion and is the
normal behaviour of PEG upon an NPPOC surface. The slow surface mode is bought
about by some interaction with the brush and is perhaps more closely linked with the
mechanism that causes hop diffusion in the cell membrane. It is suggested that this is
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what is occuring on a cruder level within the polymeric system. The PEG ‘hops’ from
well to well with some interaction confining polymers to a well for a certain period.
The second point of comparison is the amount of surface diffusion observed that is
within the slow surface mode. In the cell membrane, almost all membrane molecules are
confined by the partitioned behaviour. Larger molecules are impacted more strongly, but
even the lipids are greatly affected with the vast majority of lipids exhibiting noticably
slower diffusion coefficients than in artificial membranes. In the polymeric case, a max-
imum of 45% of surface diffusion is in the slower mode (as taken from fitted values of
40 kDa PEG treated in terms of perimeter). This is a significant proportion of surface
diffusion but not as much as in the biological case. This result suggests that if the system
is treated as being a suitable analogue, the structure of the membrane plays a significant
role in the sucessful partitioning of the cell membrane but that other factors are important.
It has been strongly suggested in literature that it is the protein-protein and protein-lipid
interactions that primarily lead to the observed partitioning behaviour. It is in no way
suggested that these processes are not involved, however this work strongly implies that
the confined behaviour can be reproduced without the need for these interactions. Simply
having structure, regardless of the nature of that structure, will induce anomalous diffusion
behaviour. It is the various interactions between membrane molecules (combined with the
fact that they are trapped within the membrane) that allow such a relatively thin barrier
to surpass the confinement observed in this work.
4.3 Conclusions
The work presented here shows that the introduction of structure to a surface has a
major impact on the motion of molecules upon it. Although this statement in itself
is not surprising, the introduction of a third diffusion mode is very significant. The
combination of the two surface diffusion modes can be treated as the single diffusion
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time that is usually observed in biological systems. The fact that these two modes
can be combined into an average diffusion time that allows for analysis using the FCS
diffusion laws, adds to the suggestion that this is a good analogue for the plasma membrane.
The most important implication of the data obtained is the suggestion that it is the
interface itself that is responisble for the observed behaviour, with the change in well
perimeter leading to a sharper transition than a change in confinement parameter (relative
area). This is again unsurprising. However what is surprising is the level of ‘confinement’
achieved by PEG chains in the dilute limit in a POEGMA walled well. Although below
the level of confinement that is observed in the cell membrane, a proportion of molecules
in the slow surface mode of 45%, is none the less large for a system of this construction.
The system is intentionally designed so that there were not strong interactions between
the various species of the system.
The results presented here suggest that a system of similar design could be used in
the design of man-made devices. A design of this variety could also explain the behaviour
observed in the chromatophore vesicle of R. Sphaeroides, in particular the high efficiencies
observed. If the complex interactions of the membrane molecules were to be included into
the system, it would not be unreasonable to believe that a greater level of confinement
would be reached. If the level of confinement were high enough, the membrane molecules
of the photosynthetic pathway could be completely confined into the vesicle. This in itself
is not unknown, with the polarisation of the cell membrane of the neuron being a good
example.
The most fundamental and important observation is that the nature of the confining
system appears to be relatively unimportant. PEG diffusing with a (for all intents and
purposes) PEG barrier exhibits similar behaviour to that observed in cell membranes,
despite not being able to interact in a complex fashion. It could be argued that having a
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structure of any sort has a profound impact upon diffusion on a surface. The inclusion of
the strong, and often complex, interactions of biological molecules are responsible for the
increased confinement observed, but this could be seen as a similar situation to diffusing
a charged polymer between oppositely charged brushes. This would be an interesting and
important avenue for future research.
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Chapter 5
Diffusion of a Stimulus Responsive
Block Copolymer
The ability of the cytosol to respond to stimuli is a possible mechanism leading to relative
high efficiencies in biological processes. It is the intention of this work to examin a possible
mechanism that would facilitate this behaviour. The use of a polymeric system can allow
the examination of how potential mechanisms would impact the diffusion of species in a
controlled fashion. Section 1.6.3 describes why the use of polymer gels appears to be a
good approximation of the cytosol.
The chapter examines how a PGMA-PHPMA gel responds to changes in temperature
and pH, and in doing so undergoes an order-order morphology transition. This in turn
leads to observable changes in the nature of the system as well as measurable differences
to the diffusion of fluorophore-tagged diblock copolymers. This system has been exam-
ined previously but without the use of fluoresence and without examining the diffusive
behaviour extensively [59, 60].
The observation of a significant change in diffusion coefficient as the temperature and pH
are changed is shown to be due to the order-order transition between cylindrical micelles
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(worms) and spherical micelles (spheres). This transition causes a change in the size of the
diffusing species which, from the Stokes-Einstein relation (eq. 1.7.5), leads to a change
in the diffusion coefficient. The change in size, caused by a morphology change, is much
larger (and consequently the change in diffusion coefficient) than that expected in the
cytosol. The change does however demonstrate how small changes in system can have a
major impact upon the transport of species which could in turn be used by the cell to
increase the efficiency of processes.
It is argued that mechanisms of a similar kind take place in the cytosol, where even subtle
changes in viscosity will aid the transport of protons (in the photosynthetic pathway of R.
Sphaeroides) to their destination. The nature of the macromolecules within the cytosol,
as proteins and polysaccharides, suggest that conformation changes would be possible.
Although this change will not be of the same scale as the change in morphology in a
polymeric gel, an observable effect could be observed.
5.1 Results and Discussion
The first study involved the variation of temperature, with an aim to make a direct
comparison with the dynamic light scattering experiments that had been previously
attained [59, 60]. Previous results suggested a hydrodynamic radius for the spheres of
15 nm, while the equivalent radius for the worms was 75 nm. A second study with
variations of pH was then completed, using the results from the thermal response for ease
of comparison as well as the work of Lovett et al (2015) [60].
5.1.1 Thermal Response of Worm Gels
The thermal response was analysed through the use of FCS and the autocorrelation curves
were analysed to obtain diffusion times, and consequently the diffusion coefficient. The
diffusion coefficients were then transformed into a particle size using the Stokes-Einstein
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equation. Normalised autocorrelation curves are presented in figure 5.1a, while two curves
with associated fits are presented in figure 5.1b. Only one component was observed in
each curve, that of a single species diffusing in three dimensions. This is reassuring for
two reasons; firstly it suggests that the fluorophore Rhodamine B (RhB) is well attached
to the polymer and secondly that it is indeed the bulk motion of the polymer that is
being observed. Figure 5.1a shows a clear change in diffusion time as the temperature is
decreased (which the inset, the value for the autocorrelation at a time of 10−3 s, makes
clearer), with a shift of the curve to the left indicating an increase in the diffusion coeffi-
cient.
Fitting of the curves in 5.1a gave high values for the proportion of molecules that enter
the dark triplet state. This would ordinarily result in the data set being discarded yet it
became apparent that the proportion could not be lowered significantly through the normal
methods (longer measurement times with a lower excitation intensity). Comparison of
the modified RhB with stock RhB that was purchased from Sigma-Aldrich showed that
there was some significant differences in this regard (figure 5.2). The diffusion time (and
subsequently diffusion coefficient) was largely in agreement with one another; with the
stock RhB having a diffusion coefficient of (450 ± 40) µm2s-1, while the modified form of
RhB had a diffusion coefficient of (500 ± 80) µm2s-1.
The triplet fraction in the unmodified RhB was observed to be (7.00 ± 0.10)%, while
in the modified case this was observed to be (34.2 ± 0.4)%. While this value is much
higher than would ordinarily be acceptable it should be noted that the diffusion times
collected in both the temperature study and the pH study are several orders of magnitude
slower than the lifetime of the triplet state and as a consequence, this effect can be largely
ignored and treated as an interesting curiosity rather than a factor that has a severe
impact. It must be considered when fitting to correlation curves but otherwise should not
impact the obtained values themselves.
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(a)
(b)
Figure 5.1: Autocorrelation curves showing the diffusion of tagged block copolymers
of PGMA-PHPMA. (a) shows all the autocorrelation curves while (b) shows two
with their associated fits. The inset in (a) shows the value for the autocorrelation at
a time of 10−3 s The discontinuity shows that there is a difference in diffusion time
as the temperature changes, a higher value of autocorrelation suggesting slower
diffusion. In (a) and (b) solid points represent temperatures below the degelation
temperature while hollow points represent those above, or sphere and worm
morphologies respectively. The shift of the autocorrelation curves with an increase
in temperature illustrates a slowing of diffusion associated with the increased size of
the diffusing species.
Another point of interest from the comparison of the two forms of RhB, was that of the
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observed number of the molecules in the the confocal volume. Both solutions were diluted
to a concentration of 10 nML-1 in milliQ water, which equates to a local concentration of
5 molecules within the cofocal volume of 1 fL. The local concentration of RhB in the stock
solution was observed to be (5.74 ± 0.06) molecules while the modified RhB solution has
a local concentration of (1.38 ± 0.03) molecules. The experimental set-up of the FCS is
identical between the two measurements, implying that there is a subtle difference in the
fluorescent behaviour of the fluorophore after modification. Although it seems to absorb
and emit within the same range as the unmodified RhB, it seems that the modified RhB
is either more prone to bleaching or has a smaller fluorescent cross-section. It is suggested
that it is a combination of both factors that leads to the reduction in apparent local
concentration (both factors are equally likely and it does not seem sensible to suggest one
would have a notably larger impact than the other), pointing to the heightened proportion
of molecules that enter a triplet state as evidence for altered fluorescent behaviour.
Figure 5.3 shows the diffusion coefficient of the polymer with respect to the temper-
ature. The diffusion coefficient increases by a factor of around four, with the increase
Figure 5.2: Autocorrelation curves of the stock RhB solution purchased from
Sigma-Aldrich and the modified RhB solution produced for this work. Although the
diffusion time is reasonably similar between the two solutions, the number of
molecules and the portion of molecules entering the triplet state is different,
illustrated by the differing amplitudes of the curves.
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corresponding to a temperature between 12oC and 14oC. This is in rough agreement with
the transition of a worm morphology to a sphere morphology as observed in the study of
Blanazs et al. with the same polymer gel, where the transition was observed at 14oC [59].
Figure 5.3: Change in diffusion coefficient with respect to temperature. Above 286
K the polymer is in a ‘worm’ morphology and consequently diffuses slower than the
sphere morphology that is observed below this temperature. The increase in
diffusion coefficient as temperature is decreased is consistent with the idea of the
spheres breaking down.
An interesting observation not made by Blanazs et al. (2012), is the increase in diffusion
coefficient of the polymer in the sphere morphology as the temperature decreases. This
equates to a decrease in the size of the spheres, which could be explained by the spheres
breaking into smaller portions. In principle, if cooled enough the spheres would conceivably
break up into the unimers (single polymer) yet this is not seen in the range explored in
this study.
When calculating the radius of the spheres the Stokes-Einstein relation was used, with the
viscosity taken to be that of water. Although the viscosity of the solution, and then the
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gel at higher temperature, will differ from that of water it made sense to use the viscosity
of water since the polymer is in water and experiences an aqueous local environment.
There were also concerns about using the Stokes’ force when treating the data as it was
not clear that it would be applicable. Stokes’ law is used in systems where it can be
assumed that there is laminar flow of spherical, homogeneous particles that are surrounded
by smooth surfaces. These factors are not a problem as the worms can be treated as
‘sphere-equivalent’. The final assumption is that the particles do not interfere with one
another. While an argument can be made for this in the case of spheres, it cannot be true
for the worms since a gel is formed.
Results in this study were found to be in reasonable agreement with that of Blanazs
et al. (2012), where particle sizes were calculated using a mix of transmission electron
microscopy (TEM) and DLS, when analysed using the Stokes-Einstein relation. Due
to this it was not deemed necessary to formulate a new force (as the term is meant in
the initial derivation of the Einstein relation, appendix A.5) to explain the interaction,
however it is recognised that there is worth in doing this in the future.
The hydrodynamic radius of the spheres is around 10 nm which is comparable to the
sphere size observed with DLS. The largest sphere was observed to have a radius of (16.
3± 0.3) nm while the smallest is (6 ± 4) nm. The unimer itself was observed to have
a hydrodynamic radius of (1.01 ± 0.04) nm meaning that a complete break up of the
spheres could not explain the decrease in the radius.
The sphere equivalent hydrodynamic radius of the worms was observed to be (58 ±
18) nm which although smaller than observed in the paper of Blanazs et al. (2012), is
still in reasonable agreement.
As stated previously, this change in size is much larger than would be expected in
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a system of proteins and polysaccharides yet it demonstrates clearly the potential that
a morphological change has for manipulation of diffusive behaviour. The behaviour in
the thermal response is very well defined and in agreement with previous work, but in
the context of biological systems is not the best analogue. Proteins in particular only
function properly in a very narrow range of conditions (one factor that can be improved
significantly in artificial devices). A system that was reliant on temperature shifts of
several kelvin would not be appropriate for a biological system. This demonstrates why
the response of pH is very relevant. Firstly it is a condition that could be changed locally
so as to only induce changes in a fixed region of the cytosol. Secondly, although biological
macromolecules will denature with large changes in pH, it is potentially reversible when
the pH change is reversed [124, 125, 126]. The denaturing process itself might even include
the desired change in conformation that would facilitate the change in diffusive behaviour.
5.1.2 pH Response of Worm gels
Figure 5.4 shows how the autocorrelation curves produced by the motion of the tagged
polymers changes as the pH is changed. As the pH increases the autocorrelation curves
take a jump to the right, demonstrating a transition between a pH of 3.9 and 4.5. This is
in agreement with rheological experiments completed on the same polymer gel [60].
All experiements were completed at 22 oC and the pH of the solutions used in the thermal
response study was a pH of 3.9. As a test for consistency the diffusion coefficient from
the thermal response study at 22 oC can be compared with the diffusion coefficient from
the pH response study at pH 3.9. The values for the diffusion coefficient are in agreement
between both cases.
Figure 5.5 shows the diffusion coefficient of the PGMA-PHPMA block copolymer gel.
An increase of diffusion coefficient of a similar size was observed when the pH increases
above a critical value, that lies between pH 3.9 and pH 4.5. This is consistent with the
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(a)
(b)
Figure 5.4: Autocorrelation curves showing the diffusion of tagged block copolymers
of PGMA-PHPMA. (a) shows all the autocorrelation curves while (b) shows two
with their associated fits. Solid points represent pH where the sphere morphology
occurs while the hollow points represent the pH where the worm morphology occurs.
The shift of the autocorrelation curves with an increase in pH illustrates an increase
in the speed of diffusion associated with the decreased size of the diffusing species.
behaviour observed by rheological methods in the study of Lovett et al. (2015) [60].
There is no clear way to evaluate the size of the polymer morphologies as the act of
changing the pH makes it difficult to quantify the parameters required to use a relation
such as the Stokes-Einstein relation. The factor that impacts the viscosity is the buffer
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Figure 5.5: Change in diffusion coefficient with respect to pH. Above pH 4 the
polymer is in a ‘sphere’ morphology and is consequently diffuses faster than the
worm morphology that is observed below this pH.
used to change the pH, as the temperature is kept constant. The increase in diffusion
coefficient is of a similar amount to that shown in the temperature dependence study,
suggesting a leap in logic can be made that the larger the diffusion coefficient the smaller
the particle in question. This can be used to suggest that the morphological change from
spheres to worms has occurred with the change in pH.
In terms of biological processes this result is significant. The change in morphology
occurs at a pH between 4 and 4.5 which are biologically appropriate values, while it is
also a very sharp transition. This implies that a system can exist entirely as worms or
spheres and a small input of acid or base will instigate the transition. This is of critical
importance for a biological system attempting to have local changes in response to a
proton gradient, as in the photosynthetic pathway of R. Sphaeroides. It is also extremely
relevant in artificial devices, as the small change in pH required (which is also reversible
[60]) means that there is a much smaller build up of buffer as the system cycles between
states. This has been demonstrated to have a significant effect in polyelectrolyte systems
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which are often used in systems that cycle between acidic and basic conditions [127].
5.2 Conclusions
The aim of this study was to show that the diffusion of a species can be significantly
impacted by a change in a factor that is biologically appropriate. This was shown through
observing the change in diffusion coefficient of a PGMA-PHPMA as the temperature
and pH of the system it is diffusing in. By observing the change in diffusion coefficient
it was possible to determine that the block copolymers were changing the morphology
with which they were together, thereby impacting the diffusion of the diffusing particles.
Biologically, and in terms of the R. Sphaeroides photosynthetic pathway, the impact of
pH is of the most interest.
The sharp change in diffusion coefficient, so fast that it became impossible to mea-
sure the diffusion while the change occurred, is indicative of the morphological change
from a sphere to a worm. The PGMA-PHPMA block copolymer changes between these
states very swiftly and with only a very small change in the temperature or pH. This is
unusual behaviour, particularly in terms of pH driven change, and is very useful. The two
states were also not observed to coexist, suggesting that in these samples the transition
was complete throughout the entire sample. In terms of the biological context, the swift
nature of the transition would suggest that relatively few protons would need to be
moved across the membrane to induce a change in the morphology in the macromolecules
of the cytosol. Although it is the motion of the proton that is of importance in the
photosynthetic pathway, the medium in which they move is important to how the protons
will be transported. A more viscous medium will lead to slower motion and vice versa; the
work of this study indicating that the medium of motion itself will be impacted in this way.
From the perspective of making devices, the sharp transistion between morphologies
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has importance that extends beyond simply not needing many protons to effect the change
but also to the way that such small changes can be used as an advantage. In the biological
case, it is expected that protons that cause the morphological change will be removed
by the ATP synthase, thereby reducing the level of protons and perhaps inducing the
reverse transition. In a device it is conceivable that this may not be quite so straight
forward (although the author stresses that this would be the ideal scenerio). Using current
technologies it would be difficult, to the point of being impractical, to physically remove
protons to change the pH of a system. Rather the most commonly used method to change
the pH of a system is to use buffers and introduce H+ and OH- ions externally. Only
minimal amounts of acid or base are required to change the pH enough to induce the
order-to-order transition observed in the PGMA-PHPMA block copolymers. In most
situations were it is deemed important to cycle between different morphological states,
weak polyelectrolytes are used. With polyelectrolytes it has been noted that repeated
cycling causes a build-up of salt in the solution, which can become an issue if it reaches
a high level [127]. In using a block copolymer like PGMA-PHPMA, the build-up is
minimised allowing for a longer usage at a higher efficiency.
In summary, it has been shown through the use of PGMA-PHPMA, a block copoly-
mer that can be treated as an analogue for the cytosol, that it is possible to change the
diffusion properties of a system significantly through changes in the temperature and pH
of that system. The pH response is of particular interest and illustrates that it would be
possible to control the diffusion properties of molecules of interest if such a solution was
used as the medium through which the molecule of interest was moving.
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Chapter 6
Conclusions and Future Work
It is the aim of this thesis to examine some of the methods that biological systems may
use to control the diffusion of molecules so as to achieve highly efficient processes. With
the focus on the photosynthetic pathway of R. sphaeroides, it is possible to investigate
control of diffusion of molecules of interest in the case of both three-dimensional diffusion
and at a surface. In three-dimensions, the control of diffusion was tested through changes
in temperature and pH, inputs that would be likely used in both biological cases and in
artificial devices. To examine the control of diffusion at a surface, a pattern analogous to
that seen in the cell membrane was formed and the motion of polymers was observed upon
it. In both cases it was shown that diffusion was affected, with either a large increase or
decrease observed in the three-dimensional system or a form of confinement observed in
the surface case.
6.1 Three-dimensional diffusion
The ability of the cytosol to regulate diffusion was examined by treating a block copolymer
gel as an analogue for this system. It was demonstrated that the morphology of the block
copolymer could be modified by changing the temperature or pH and in doing so the
diffusion characteristics were affected. The cytosol is known to contain macromolecules
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such as proteins and polysaccharides, molecules that are known to react to their environ-
ment. Proteins particularly take up totally different conformations depending upon their
local environment. It was shown that changes in the conformation of a block copolymer
lead to large differences in the diffusion of molecules within the solution. Changes in the
conformation of proteins and other biological macromolecules will have a similar impact
upon diffusion.
It is unclear whether a conformation-driven mechanism actually occurs within the cytosol
to drive the various processes within the cell. In itself it is not of the utmost importance
that such a conformation-driven mechanism does in fact occur, as the idea that this
could be of use in artificial systems is both important and relevant. It would make sense
that biology will act in some way to control diffusion in the bulk of the cell and the
comparison between the cytosol and a polymer gel seems to be sound. Whether or not
such a mechanism occurs does not change the fact that there will be devices that require
molecules of interest to be moved or contained. Responsive block copolymer gels appear
to produce the desired effect.
Observing the change in conformation of proteins and polymers with FCS is not new
[128]. The methods used to induce conformational changes were generally laser heating or
a denaturant. FCS was used to observe the diffusion of proteins in a number of studies,
from which it was possible to calculate the size of the macromolecule. This is in keeping
with the methodologies set out and described in chapter 5. The major difference between
the works described by Serrano et al. (2012) and that presented in chapter 5, other than
the difference in polymers and proteins, is the scale of the transformation. The change
in size of a protein that unfolds is minimal in comparison to that observed with the
morphology transition (spheres to worms) in chapter 5. This means that the impact on
diffusion of the conformation change is not as great. However it should be stressed that
in the FCS measurements described in the review article, the protein is not within its
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native environment but is in solution at the dilute limit. This suggests that the impact
on the medium may be larger if it were a more complex gel such as the cytosol.
An example of the unfolding of proteins is the work of Chattopadhyay et al. (2005), where
the unfolding of Intestinal-type fatty acid-binding proteins (IFABP) was measured as a
function of the concentration of urea (Gdn) [129]. IFABP is a small protein around 15
kDa in size, that can form complexes with other proteins to produce larger structures.
The protein contains two β-sheets consisting of five β-strands, meaning there are layers of
parallel strands of protein. The introduction of Gdn makes the strands separate, breaking
up the sheets. By using FCS, the protein was measured to have a radius of 1.7 nm in
its native state, which increased to a radius of 3.1 nm with the introduction of Gdn, a
value consistent with that expected for a random coil. Similar values were obtained by
Sherman et al. (2008) for different proteins and denaturants, with protein L changing
from 1.5 nm to 2.3 nm and Adenylate kinase from 3.0 nm to 4.3 nm [130]. These values
are reasonably consistent with the size of the single block copolymer chains observed in
chapter 5, giving some comparison between the relative size of structures. The proteins
presented are much smaller than the morphologies that were examined and although the
relative size of the protein almost doubles, the change is still quite small requiring careful
data acquisition and detailed analysis.
Although the comparison with proteins is quite interesting, the medium used is not
directly comparable with the work of chapter 5 which aimed to analyse an analogue of
a biological system. In chapter 5, it is established that a polymer gel would be a good
description of the cytosol. The work related to the conformation of proteins does not
occur in this sort of medium, so while relevant in demonstrating the ability of proteins
to change their shape and diffusion properties, this does not give any clues as to how
diffusion of other species will be impacted. Due to this shortcoming in the literature it
becomes necessary to examine polymeric systems.
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The work of Wang et al. (2012), examined the conformational transition of poly (N-
isopropylacrylamide) (PNIPAM) chains with FCS . The radius of single chains of PNIPAM
were measured as the composition of the solution was changed. The solution was a mixture
of water and ethanol, and as the composition changed, the hydrodynamic radius was
altered as the solution went from a good solvent to a poor one (larger radius in a good
solvent and a smaller radius in a poor one). This work shows that simple changes such as
composition of the medium will have a profound impact on the size, and hence diffusion,
of a polymer. Again it should be noted that these are single polymer chains in solution so
this study cannot be used for direct comparison with the work presented in chapter 5,
rather the work of Wang et al. (2012) demonstrates possible ‘triggers’ for a conformational
transition and the applicability of polymers as a comparison to biological macromolecules.
The works of Adelsberger et al. (2010) and Laschewsky et al. (2013) examine the
thermal response of block copolymers [131, 132]. Adelsberger et al. looked at a triblock
copolymer of polystyrene (PS) and PNIPAM, in the form PS-PNIPAM-PS forming a
symmetric amphiphillic block copolymer [131]. In aqueous conditions, the PS-PNIPAM-
PS forms spherical micelles with a core of PS, the radius of which is dependent on the
size of the blocks. PS11-PNIPAM280-PS11 formed micelles with hydrodynamic radius of
20.8 ± 0.7 nm while PS11-PNIPAM370-PS11 formed micelles with a radius of 25.8 ± 0.9
nm. Both of these have larger blocks than the PGMA-PHPMA block copolymer used
in chapter 5, and consequently it is reasuring to observe that they have a larger radius
than the PGMA-PHPMA spherical micelles. However, it is notable to see that they
are of a similar size (i.e. 10 nm scale rather than 100 nm scale), suggesting that the
results obtained in chapter 5 are consistent with other block copolymer systems. As the
temperature is increased the micelles congregate and form a gel before eventually collapsing.
Laschewsky et al. (2013) discuss the thermal response of block copolymer systems
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involving two small hydrophobic blocks made of vinyl polymers sandwiching a long block
of PNIPAM or poly(methoxy diethylene glycol acrylate) (PMDEGA) [132]. These poly-
mers behave in a similar fashion to the PS-PNIPAM-PS of Adelsberger et al. (2010),
forming spherical micelles that cluster as the temperature increases. The clustered micelles
eventually form a gel before undergoing a collapse transition at even higher termperatures.
Laschewsky et al. (2013) conclude that it is a combination of the polymer architecture
and the chemical nature of the blocks that leads to this series of behaviours.
The works of Adelsberger et al. (2010) and Laschewsky et al. (2013) have some simi-
larities with the work presented in chapter 5. The use of block copolymers is the first
and most obvious similarity. By using these more structured molecules it is possible to
form the micelle morphology that is observed in both the publications and in chapter 5.
While the number of blocks is different (triblock and diblock respectively) the way the
block copolymer orientates itself is similar, having a hydrophobic core surrounded by a
hydrophillic shell. The thermal response is also similar, as in all three cases the micellar
solution becomes a gel as temperature increases. However, in the case of both Adelsberger
et al. (2010) and Laschewsky et al. (2013), the micelles congregate together forming
a globular network as temperature increases. The PGMA-PHPMA block copolymers
behave slightly differently in that they form a completely different morphology before
physical contacts between the worms form a gel. This change between morphologies is an
order-to-order transition that is not seen in any literature involving diffusion measured by
FCS. The response to pH is also rare in an uncharged polymer and the ability to undergo
a transition with only minimal changes in pH make PGMA-PHPMA a relevant block
copolymer for use in a system where cyclic pH response is required.
In the comparison between the cytosol and polymer gels, the motion of polymers that
form the medium itself has been discussed. The change in conformation or morphology
of the polymer has a profound impact on the diffusion of the polymer, and in the case
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of the latter examples the form that the medium takes. It has been shown that as the
temperature is increased (or the pH is decreased in the case of the PGMA-PHPMA
block copolymer) the system undergoes a transition that leads to a gel forming. Thus
far, the motion of other molecules has been ignored, yet it is likely that one of these
molecules will be of greater interest. Taking the PGMA-PHPMA block copolymer as
an example, it is expected that the change in morphology that leads to a gel forming
will reduce the diffusion coefficient of every diffusant in the gel. This comes about by
simple arguments concerning the viscosity of the medium. Future studies with the aim
of improving upon the analogue between cytosol and polymer would therefore require a
second species which would act in the role of the diffusant of interest in biological systems,
be that protons or some molecule. The diffusion of molecular and macromolecular tracers
in a PGMA-PHPMA system would therefore be the next step.
Molecular and macromolecular tracers have been studied extensively in undiluted polymer
systems [133, 134, 135]. It is known that the diffusion of these tracers does not follow
the standard paradigm of Stokes-Einstein behaviour with anomalous behaviour being
observed [134, 135]. It is also known that the size, shape and flexibility of the tracer has
a significant impact upon the diffusion, both the value of the diffusion coefficient and its
temperature dependence [133, 134, 135]. It would therefore be appropriate to examine
a variety of tracers, ranging from unattached dyes such as RhB up to larger molecules
such as small chains of PEG with an appropriate fluorophore. There would undoubtedly
be issues with integrating a larger molecule such as PEG into such a system. However it
might be possible to add the polymer when the responsive block copolymer is cooled and
in the aqueous sphere state. It is expected that similar results would be observed, with
diffusion being much slower when the PGMA-PHPMA system was in the worm gel phase.
The diffusion of these tracers could then be treated as that of the protons or other species
of interest for a more complete description.
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Further research that could follow from the study of diffusion in the PGMA-PHPMA
system would involve the introduction of more biological features. For instance, the
PGMA-PHPMA system is by volume a good representation of the water and macro-
molecule content of the cytosol. However, there are also mM concentrations of ions and
small molecules with a molar mass below 300 Da [12]. The involvement of ions would
be tested by the change in pH, but the introduction of small molecules would be of
interest in addition to whatever tracer was used. This would potentially lead to a better
understanding of the ‘crowding’ of molecules in the cytosol and could add another feature
to the ‘toolbox’ for the design of devices.
6.2 Surface Diffusion
It was the aim of this branch of the thesis to design, construct and examine diffusion
upon a surface that was an analogue for a particular model of the cell membrane. This
was largely successful.
A repeating grid of polymer brush was designed and produced to be in keeping with the
membrane skeleton (MSK) model and the transmembrane protein picket model (TPP)
model of cell membrane structure. This design was then produced using a combination
of surface chemistry, photolithography and ATRP to produce a polymer brush. The
diffusion of PEG was investigated diffusing on the patterned surface and as a result a
third diffusion mode was observed. This third mode was linked to the presence of the
interface between the polymer brush and the brush-free region, as it was not related to
the motion of PEG on either unpatterned surface (that of the POEGMA brush or the
NPPOC-protected SAM).
The surfaces were designed to minimize interactions with the free species so as to examine
the impact that surface structure would have upon diffusion. As such, there were some
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obvious differences in terms of the make-up between the cell membrane and the patterned
surfaces. There was also the issue that the ‘well’-to‘barrier’ ratio was very different
between the two cases, becoming more comparable to specialised cases such as the neuron
cell (see section 1.5). This meant that the system was not a perfect analogue of a more
general, less specialised, cell but it was still more than relevant to examine the effect of
structure upon diffusion.
By following the methods of analysis that are applied by membrane scientists using
FCS, it was shown that the diffusion behaviour observed in cells was broadly carried
over to the patterned polymeric systems. Three modes of diffusion were observed in the
polymeric system, one bulk component and two surface components. The fast surface
mode relates to diffusion wihin the wells, while the slow surface mode of diffusion could be
treated as polymers ‘confined’ to the wells in the same manner. There are two diffusion
modes observed in biological systems, one relating to confinement and one relating to
unhindered diffusion (hop diffusion with short term confinement and long term jumps
between adjoining compartments). The use of FCS diffusion laws, proposed by membrane
scientists to illicit membrane structure from diffusion data, was successful in suggesting
an appropriate structure for the polymeric surfaces. The critical difference between the
polymeric system and the cell membrane comes from the proportion of molecules that
experience this confined behaviour. In the cell membrane it is accepted that all membrane
molecules are confined and jump rarely between compartments. In the polymeric case the
maximum confined proportion is in the region of 45%, which is significant but shows that
the structure is not completely responsible for the observation of confinement in the cell
membrane.
The difference in confinement between the biological and the synthetic situations is
most likely due to the interactions between the membrane molecules and the barrier.
Membrane molecules are likely to interact in a vast number of ways excluding physical
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contact and are inherently complex molecules. By contrast the PEG, POEGMA and
NPPOC are all very simple; the PEG will primarily respond to the physical presence
of the barrier and anything not explained by this is due to the hydrophobic proper-
ties of the NPPOC. 45% of polymers confined is significant when the ‘stickiness’ of
proteins (see section 1.6.1) is considered, leading to one interpretation that the phys-
ical form of the barrier matters just as much as the interactions it has with other molecules.
The diffusion coefficients obtained for PEG diffusing in the systems were roughly consistent
regardless of the size of structure with the proportion of the diffusion modes varying in
relation to the structure size. The bulk diffusion coefficients were in agreement with litera-
ture values for PEG in water, ranging from about 100 µm2s-1 to about 60 µm2s-1 for 1 kDa
PEG to 40 kDa PEG respectively. The values for the diffusion of PEG on homogeneous
POEGMA brushes and for NPPOC surfaces were similarly consistent with previous results
by Z. Zhang (unpublished 2012). This leads to the conclusion that the first two modes of
diffusion observed, that of the bulk mode and the fast surface mode were correctly identi-
fied and supports the existence of a third mode. The values for the homogeneous NPPOC
surface and the fast surface diffusion mode are also in agreement which suggests that the
PEG diffuses at the bottom of the wells. This is not surprising given that NPPOC is hy-
drophobic and will ‘attract’ the polymer to minimise contact with the water of the solution.
The identity of the third component, the slow surface mode, is not clear. However
previous research gives some suggestions as to possible mechanisms that can produce this
result. The first is that there is no third component, that in fact the motion seen is insta-
bility of the detection volume over the period of the measurement [136]. It is argued that
this is not the case. The first argument is that the methodologies used involved checking
the location of the focal volume on a regular basis. Anomalous detections are known to
come about when the volume shifts by more than 100 nm during the measurement time,
and it can be categorically stated that this did not occur. A further point is that the
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apparent order of the third component. The fact that the diffusion times and coefficients
were so consistent and that the proportion of the component seems to have a relationship
with the structure size, demonstrates that there is in fact some diffusion process occuring.
Add to this the consistency of the fast surface mode, which would itself be affected by
instabilities, and it seems clear that this can not be the origin of this slow diffusion mode.
It would appear that any instabilities were too small to be a problem but it is accepted
that any instability will be a contributing factor in the uncertainties revolving around the
mode, just as they are with any surface diffusion measurement.
The primary difference between the patterned surface and the control surface is the
fact that there is an interface between the ‘well’ and brush. As the fast surface mode is
linked to the diffusion of PEG upon an NPPOC surface, or the well, it is worth considering
that the behaviour originates in some way due to the interface or possibly the brush
itself. Experience from this study and from previous research shows that the diffusion of
PEG in polymer brush systems occurs on top of the brush rather than within it. This is
corroborated by the work of collegues, including a TIRF microscopy study that showed no
tagged polymer within the brush (unpublished work of Z. Zhang, 2012). This suggestion
can only be deduced from the diffusion coefficients collected, which are faster than that
on a ‘hard’ surface such as silicon, the brush does not confine the polymer to the surface
in the same way as a traditional surface and as a consequence the polymers diffuse more
rapidly. It is therefore unlikely, and probably impossible, that the polymer could ‘burrow’
its way into the brush region. This view must however be tempered by the recognition
that in the grafting-to method of producing polymer brushes, free chains must reach
the underlying surface to be attached and form the brush. There are in fact a number
of studies that show that free polymer chains of a similar size to those that form the
brush can penetrate the brush layer to reach the substrate [137, 138]. However, these are
grafted-to brushes and it is unlikely the same behaviour would be seen in a grafted-from
brush formed by surface initiated ATRP, as they are much denser.
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There has been work on tracer molecules within polymer networks as stated in the
discussion of bulk diffusion, and similar studies have been completed with polymer
brushes. The work of Reznik et al. (2008) examined the diffusion of rhodamine-6G
(Rh6G) within a poly(styrene sulfonate) brush [139]. The diffusion coefficient obtained in
this study for the motion of the Rh6G is remarkably similar to the slow surface diffusion
mode obtained in this thesis. However the differences between the two situations are too
great to attribute motion within the brush as the mechanism responsible. The vastly
differing size of diffusing species (small molecule compared to a macromolecule), as well
as the chemical nature of the system used by Reznik et al. (coulombic attraction is recog-
nised as the factor that draws the tracer into the brush), make such a conclusion a major
problem. Discounting the chemical factors, the simple argument that a macromolecule
should diffuse much slower than the tracer clearly demonstrates the flaw in this model.
Similar studies have demonstrated that polyelectrolyte brushes will have a even greater
effect on the diffusion of a charged molecule on top of the brush [140]. Nevertheless the
simple chemical nature of the materials used in this study prevents this from being a good
explanation for the observed behaviour.
A study using a patterned surface of a similar design illustrated some control of dif-
fusion, yet on much larger length scales. Dunderdale et al. (2011) [141] used 1000 mesh
TEM grids as a photolithography mask to create a pattern of 6 µm polymer brush barriers
and 19 µm wells. Gold (3-5 µm) and iron (2-3 µm) particles were then introduced and
tracked using an optical microscope. The basis of the study was that the metal particles
were sufficiently large for gravity to pull them to the bottom of the well and that the
height of the brush acted as an energy barrier that the particle had to overcome. The
energy that a particle has will be 3
2
kBT , which can be used to calculate a height (known
as a gravitational length) which will be practically insurmountable to the particle. In the
case of the gold particles this is 0.7 nm, whereas a PS particle of the same size would
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have a gravitational length of 250 nm. The gold particles did not undergo diffusion upon
adhering to the surface, presumed to be due to chemical attachment. The iron particles
had a gravitational length of 4-15 nm and while some of the particles adhered to the
surface, a significant fraction underwent diffusion on the surface. The diffusing metal
particle diffused freely upon the surface in the wells, but could not escape from the wells
due to the brush barrier. The brush thickness was only required to be 2-5% of the particle
diameter.
The work of Dunderdale et al. (2011) showed similar behaviour to the observations
of this thesis. Clearly the gravitational length of a 1 kDa PEG chain will be many times
larger than the brush thickness (a back of the envelope calculation suggests the brush
would need a thickness of around 2.5 mm to be a barrier with gravity alone), but there
are many more influences than gravity on the polymer chain. One interpretation of the
results is that the polymer brush does indeed behave as an energy barrier to the PEG
chain. The peg chain cannot enter the brush and consequently it must detach from the
surface and ‘jump’ over the barrier. This opens an interesting avenue for future work,
by potentially utilising a technique such as total internal reflection FCS (TIRF-FCS) to
observe PEG chains upon the surface and therefore investigate this hopping process.
A simple interpretation of the surface diffusion results, is that the PEG becomes en-
tangled in the interface and must ‘unknot’ to escape. The PEG is actually quite a short
chain, so is not likely to form lasting entanglements, but the work of various theorists
suggests that short-lived physical knots can spontaneuously form and then dissipate in
chains of a range of sizes [142, 143, 144]. Some finite time is required for this to occur, so
it is plausible that a knot betwee the PEG chain and the POEGMA brush could occur
and then unknot spontaneously. To examine this interpretation, modelling of the chain
length dependence of both the brush and the diffusing polymer could suggest the time
scales over which the knotting and unknotting would occur as well as the proportion of
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molecules that would knot.
Another extension of this study could involve the introduction of greater complexity
of the molecules involved. This could take place through either changing the chemistry of
the involved participants (charged diffusing species with polyelectrolyte brushes as one
example) or introducing biological aspects. An example of how this could be developed
down the biological route is by supporting a lipid bilayer on top of the patterned brush.
The brush and well regions would lead to subtly different diffusion behaviour in each
region, potentialy leading to hop-like diffusion. By changing the polymer brush, different
behaviours could be explored, particularly if further extensions were made to include pro-
teins and other membrane molecules. By layering the complexity on top of the relatively
simple basis of this study, a more complete understanding of diffusion in the membrane
could be achieved.
6.3 Integration to describe the photosynthetic path-
way
By integrating the work of both studies it is possible to make an intepretation of the
photosynthetic pathway of R. sphaeroides. The prevailing belief is that there is no un-
derlying architecture to the cell membrane in the chromatophore vesicle. This would
indeed be consistent with current knowlegde of how the cytoskeleton is arranged, meaning
that the cyctoskeletal structure will at most be acting to isolate the vesicle from the rest
of the membrane. It is strongly suggested that this is the case as the absence of the
photosynthetic pathway proteins in regions outside of the vesicle acts as support for this
statement. A further suggestion is that the presence of a cytoskeletal border would aid
in the formation of a vesicle; lipids added to a fixed region where they could not escape
would presumably form a protrusion that could form a vesicle. As this has not been
explored in the literature this is an important avenue for further research.
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Using the currently proposed structure, the contents of the vesicle are of a similar
size to that of the wells used in the studies concerning surface diffusion. Since this was
shown to produce a significant level of confinement before the introduction of proteins and
lipids, it follows that a similar structure would be in effect. This would effectively keep all
of the relevant parts of the photosynthetic pathway within a tight compartment, on the
order of 0.01 µm2. It should also be recognised that structure is not just the presence of
the cytoskeleton, as stated in previous arguments a barrier to diffusion need only be a
region which produces a lower diffusion coefficient in the vein of Novikov et al. (2011)
[84]. The proteins involved in the process of photosynthesis often cluster together, this
presumably has an impact on the diffusion of molecules in the membrane in these regions.
The impact of the clustered proteins may aid the photosynthetic pathway by not only
making the source and destination of the processes close spatialy, but potentially intro-
ducing a secondary structure that effectively blocks different regions making diffusion
in certain directions preferable to others. It is suggested that this is a further way that
R. sphaeroides achieves high efficiencies throughout the photosynthetic pathway. It is
suggested that the first level of structure (forming the vesicle) forces the proteins together
into a compact space, which facilitates the secondary structure with the clusters. This
would in itself be analogous to the structures of proteins, which are known to have a
primary structure (the order of amino acids) that informs the secondary structure (local
structures stabilised by hydrogen bonding) how to form, which is in turn used to form a
tertiary structure (the final shape of the protein molecule which uses nonlocal interactions
to stabilise).
It is suggested that the primary and secondary structures of the chromatophore vesicle
effectively confine the ubiquinols to specific, small regions of the cell membrane. This
means that the random nature of diffusion is reduced in terms of direction, it will still
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trace a random walk but the area that can be explored by the molecule is reduced signifi-
cantly, compensating for one of the original observations that processes that are driven by
diffusion should struggle to be efficient.
Once the ubiquinol reaches the cytochrome bc1 and is oxidised to ubiquinone, a pro-
ton is pumped across the membrane, which can be intuitively thought of as lowering the
pH of the cytosol. These protons are required to drive the ATP synthase protein but are
not constrained by the structure that held the uqbiquinones into specific regions. If it
can be taken that the macromolecules have acidic groups as part of their structure then
there is a possibility for a similar behaviour to that observed in the worm gels. In the
case of the worm gels, there are surface -COOH groups that interact with the solution.
A similar structure to this would facilitate a quick transition between conformations
(or morphologies if there are a number of macromolecules responding co-operatively)
that would affect the diffusion of the protons. It is in no way suggested a conformation
change as large as that seen in the worm gel study actually occurs in the cytosol and as
a consequence such a large change in the diffusion behaviour. However, it is significant
that even small changes to the system will perturb the diffusion of the protons, and it is
suspected that there will be a significant number of macromolecules with -COOH groups
to react to changes in local pH (proteins contain a great number of these groups simply
due to the nature of containing amino acids). This cannot be the entire story, proteins
are zwitterionic and as a consequence there will be complex behaviours as a result of the
influx of protons. Nevertheless it is proposed that the presence of free ions and small
molecules may go some way to producing the desired effect, keeping protons from escaping
the area containing a ATP synthase protein.
A combination of the principles examined in this thesis would aid in the functioning
of the photosynthetic pathway. Firstly by confining all relevant molecules to a specific
area and then directing the motion of the ubiquinols, whether through some secondary
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structure or otherwise. Finally the pumping of protons is expected to induce some changes
in conformation of the macromolecules, whether this change is sufficient to produce a
significant impact is not completely clear but any changes that slow the protons, thereby
increasing their local concentration, will aid in improving the efficiency of the process.
6.4 Device construction
As technology progresses it is becoming more difficult to achieve the accepted targets:
faster, lighter and smaller. As discussed in section 1.2, modern technologies based upon
inorganic semiconductors reach physical limits, and devices based upon single atoms and
spintronics are required to keep the progression of performance at pace with Moore’s Law.
Biological systems use single molecules to achieve their aims, with these molecules being
stunningly well adapted to perform their task. The comparison made in section 1.1 of
the entire chromatophore vesicle of R. sphaeroides fitting within the channel length of a
commercial transistor is astounding. It is unarguable that there is something to be gained
from an inspection of a biomimetic approach, or perhaps even a ‘biokleptic’ approach.
It should be noted that what remains of this section is predominantly conjecture on
how the observations in this thesis might be applied. The actual implementation of the
ideas here (which would be very difficult) is secondary to the idea itself. In attempting to
produce a device of the sort suggested it is expected that fundamental understanding of
Brownian engineering would be improved.
From the comparison between photosynthesis and photovoltaics, in section 1.3, it is
clear that the organic solar cells are limited by the diffusion of the excited states. Similar
arguments can be made about the inorganic devices. Theoretically the maximum efficiency
of a silicon solar cell is 29% using the Shockley-Queisser limit applied to a single junction
cell and a commercial mono-crystalline silicon cell can reach an efficiency of 22%. Losses
162
in commercial cells are due to factors such as reflection at the top interface and blockage
due to thin wires, but can also be attributed to the escape of the excited state from the
active region. To make an active region large enough to capture all relevant light in any
solar cell risks potentially making it too large for the states to escape; not a massive is-
sue in inorganc cells, due to the excited state being an electron, but still a factor that exists.
Consider now a solar cell where the active region is not an extended region of space
as in inorganic solar cells but a collection of molecules within the pores of a grid, of
a similar shape to those produced in chapter 3. The boundaries of the grid would be
such that they can strip the collected charge or excited state of the energy acquired
by illumination. The barrier would be some hard barrier rather than a brush so as to
facilitate this. If the absorbing molecule were confined to the surface in some fashion, the
diffusion would be hemmed into a specific pore of the grid, and with a sufficient number of
these molecules, the excited state or charge could be transferred efficiently to a boundary
to be collected. In this way it might be possible to ensure that all charge produced was
siphoned off for use, in a similar way to the photosynthetic pathway. Using chlorophyll
as a model molecule, different pores could contain different ‘colours’ of the molecules
allowing for collection across a range of wavelengths. It is appreciated that this design is
difficult to reproduce, but it gives an idea of how biological systems might be replicated
in an articial fashion, particularly in relation to functions that will occur entirely upon a
surface.
Integrating both control in the bulk of a fluid and upon a surface, now a catalytic
system becomes of interest. Consider a system where a catalyst is bonded in some fashion
to a surface, with the raw materials required in the bulk of the fluid. The catalyst in
question is some biological analogue, in that it is highly efficient at a particular task but is
very sensitive to its environment. A ribosome can be considered as the sort of catalyst in
question as it has the ability to produce incredibly complex macromolecules precisely yet
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being a protein-based machine needs a specific environment. Particularly if it were simply
attached to the surface it could deform to become useless, so might require being placed
in a membrane (not necessarily a lipid membrane) that was raised above the surface on a
support of some kind (for example a polymer brush). It would be important that the cat-
alyst is held to the surface in some fashion for ease of use, raw materials could be pumped
into the fluid and the finished product removed leaving the catalyst in place for further use.
If only the ribosome catalyst is required it might be enough to simply allow it to diffuse
randomly upon the surface. In a system with multiple different catalytic machines that
transfer the reacting product between them it would be important to keep the component
in close proximity. In another system it may be of use to keep the catalysts reasonably
separate to make it easier to know when to replace them. In both cases a partitioned
surface such as those in chapter 3 would be of great use.
The ribosome-like catalyst could produce macromolecules through condensation poly-
merisation reactions like actual ribosomes do. These reactions often produce byproducts
that would be of use when considering the work involving responsive gels, in the case of
biological systems with amino acids, water is produced (hence condensation reaction).
However in the case of a product such as Kevlar it is hydrochloric acid that is produced. In
the case of Kevlar, if produced in this system the introduction of the acid would lead to an
increase in local concentration of protons which might allow for faster diffusion in the local
environment facilitating an increase of raw material to the catalyst. The response would
not need to be as strong as that observed in the worm gel case, as this would make it diffi-
cult to undergo continuous production. Nevertheless, it might be considered helpful in at
a batch production level to have a strong response to give an indication that the maximum
amount of reaction possible has been achieved, so that new raw materials could be provided.
There are a variety of ways these processes could be used, to allow for a degree of
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control over diffusion, with these two cases just being simple and novel examples. It is
clear that this form of ‘Brownian engineering’ offers a possible way of designing biomimetic
systems that will have a major impact on the technologies of the future.
6.5 Future Work
The work presented in this thesis is valuable starting point for a number of other studies
that would build upon and extend understanding of the motion of polymers in biologically
important systems. There are also a number of questions raised in this thesis, for the
wider scope of polymer physics and biological physics, that should examined. This section
collects together the suggested work from across the body of this thesis and presents some
additional questions and research topics that are of importance to extend and develop
this research area.
For the work concerning diffusion in the bulk, future studies should examine:
• The work of Blanazs et al (2012) and Lovett et al (2015) used DLS to observe
diffusion and infer particle size, in addition to TEM. DLS requires a dilute system
to be effective, while FCS only requires the portion of fluorophore-tagged molecules
to be dilute. FCS could therefore be used to examine the system across a much
wider range of diblock copolymer concentrations. Although beyond the scope of
a biological analogue it is conceivable that the concentration could be increased
above 30% w/w diblock copolymer, and the FCS data could be compared with
TEM. This would allow better understanding of the transition across a wider range
of conditions.
• The addition of a second species to observe diffusion of this diffusant as the PGMA-
PHPMA gel transitions to a solution. The identity of the new species should be
varied to observe the impact of size and how the species interacts with the diblock
165
copolymer. A suggestion would be to start with free tracers like RhB and move up
to macromolecules such as various molar masses of PEG.
• The introduction of small molecules (molar mass below 300 Da) to examine an
analogue of the crowding in the cytosol.
• The inclusion of mM concentrations of ions would be appropriate in a comparison
with the cytosol. This is partly examined through the experiments on pH dependence
but it would be required when extended beyond the PGMA-PHPMA system to
investigate the impact of ions on the system.
Future work to extend the studies of diffusion upon a surface should include:
• A change in brush layer thickness or barrier width. These parameters were kept as
consistent as possible throughout the studies presented (10-15 nm brush thickness
and a 1:1 ratio of well to barrier width) yet these are possible sources of confinement.
Thicker brushes might lead to more confinement as might smaller wells in relation
to the barrier width.
• An extension of the methods used to pattern the surfaces. A Lloyd’s mirror
interferometer was used to undertake twin beam IL, yet there are many other way
IL could be used. There is no reason why many more beams could not be used, a
simple example would be the use of a Fabry-Pe´rot interferometer to produce a more
complex pattern. The observation of confinement in patterns of different geometries
would be useful in suggesting there was a physical effect behind the behaviour and
not some peculiarity of the specific pattern produced for this work.
• A direct extension to the methods used in this work through the use of FCS in
a more dimensionally confined manner. The system examined could be described
as low dimensional as there is a form of confinement. It follows that the method
of examining the diffusion should also include such low dimensionality. The use
of total internal reflection FCS (TIRF-FCS) or stimulate emission depletion FCS
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(STED-FCS) are examples of this. TIRF-FCS has an axial resolution of 100 nm
which would allow the diffusion very close to the surface to be examined without
measuring diffusion in the bulk. This method could also probe the brush layer to
investigate whether any PEG was diffusing within the brush. Traditional FCS does
not have the resolution to do this. STED-FCS allows the resolution of the confocal
volume to shrink to a spot size of 60 nm, which is on the order of the diamter of the
chromatophore vesicle in R. Sphaeroides. Smaller volumes being examined could
make the behaviour of single molecules clearer allowing better descriptions to be
produced. Unfortunately, both of these techniques required either a new microscope
or a highly specialised arrangement of equipment that it is not possible to do with
the confocal microscope available in this work so must wait until these techniques
are available.
• The use of different brushes and diffusing polymer species. It was recognised that
this system minimised the impact of interactions between the diffusing polymer
and the brush. If the constituent polymers were selected so that there would be
interactions between them a more confining system could be produced.
• The use of lipids in the place of PEG. These lipids can be used as a bilayer in the
current surface designs where a bilayer could form at the base of the well (if the well
were very large) or across the top of the brush layer (lipid bilayers are quite rigid
and can span the wells if it is narrow enough). It is known that POEGMA brushes
will allow the formation of a lipid bilayer yet that it will not be particularly mobile
(mobile fraction of lipids  5%, A. Blakeston, unpublished 2012) but regions where
there is no brush could potentially be much more mobile. This means that the brush
will act in a similar way to a series of pickets in the transmembrane protein picket
model. By varying the brush thickness and barrier width of the POEGMA, various
scenarios could be examined that would be close to the biological membrane.
• An extension of the previous future work would involve different brushes, or even
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systems with multiple brushes located in spatially distinct regions. There is much
work going into the formation of mobile lipid bilayers supported upon polymer
brushes and as such there are many possible ways to design a surface to produce
certain local behaviours. This could be used to simulate specific types of membranes,
for different processes as well as across different types of cell.
• A further extension of the two previous future studies. The membrane does not
just include lipids but also proteins and other complex species. The complexity of
the supported membrane could be increased incrementaly until a cell membrane
analogue was for all purposes a cell membrane upon a surface. If it were an accurate
representation in terms of the diffusion behaviour as well as the composition of
the membrane then there are a number of important points. Firstly, a major step
forward in understanding the diffusion on a membrane could occur. Furthermore,
medical research could be affected very strongly. With ethical considerations being
a major part of any biologically relevant research, having a model system that is
virtually a membrane to examine as a first step would be critical. In the context
of drug development, possible drugs could be tested on a totally artifical, but still
accurate, representation of a cell membrane before being administered to anything
that was alive. Ethically this would be a great stride forward but it would also
be a helpful first step showing whether a certain drug or process will work before
undergoing the expense and effort of testing on organisms.
• An integration of biological features with the previous work involving responsive gels.
If the polymer brush system were again similar in structure to that presented in this
work, the well region could be filled with a gel. A membrane with bacteriorhodopsin
included could then pump protons into the gel and the diffusion of the gel could
then be observed. If the gel is selected to be a good analogue of the cytosol and it
responds to this pumping by causing a change in diffusive behaviour then a further
step in understanding biological systems can be made, with particular emphasis of
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the interplay between the membrane and the cytosol.
A future study not focussed upon diffusion should examine vesicle formation, and in
particular the nature of the architecture of the cell membrane and MSK before and after
a vesicle forms. There is a wealth of literature discussing the way that certain receptors
are used to form vesicles for transporting material but there is nothing on the structure of
the membrane in these cases. The nature of the MSK around the chromatophore vesicle
is also not described. These appear to be important gaps in knowledge that should be
addressed so that understanding of the cell membrane and its processes can develop.
Future work in the realm of polymer diffusion, that would aid in the understanding
of this thesis, should involve the examination of macromolecules within a brush structure.
There are many publications detailing diffusion of polymers on brushes. There are some
works claiming diffusion of tracers within a brush layer and while this is the most likely
explanation of the results they obtain there is not sufficient axial resolution in these cases
to say definitively where the tracer is diffusing. A system involving a polymer brush
between two surfaces would be the perfect solution to this gap in research. If a system
could be designed so that a diffusing polymer could be trapped within this region, a
diffusion coefficient for a polymer within a dense brush could be obtained. This would
be incredibly high impact work, as there is no current literature that can claim to have
examined such a system.
Attempts to produce a system such as this have been attempted but there are ma-
jor obstacles to the development of such a design and the introduction of the polymer
that will diffuse. Poly(2-dimethylamino)ethyl methacrylate) (PDMA) brushes have been
grown by ATRP with PEG chains in the polymerisation solution (Z. Zhang, unpublished
2012). This system was then chemically cross-linked at the top of the brush to form a
psuedo-surface at the top of the brush. Ultimately this approach proved unsucessful as
the PEG chain either did not grow into the brush or could not produce a fluorescent signal
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strong enough to be detected. As a consequence it is known that this methodology does
not work. A motivation to attempt to produce this system, despite its inherent difficulties,
is that the publication based upon the study would most certainly be a guarenteed Science
article!
6.6 Closing Remarks
Biological systems are often very efficient and part of the reason for this appears to be
the level of control that can be exerted on the diffusion of important biological molecules.
This has been shown to be the case in the cell membrane and it can be argued that the
control must also occur in the cytosol. The photosynthetic pathway of R. Sphaeroides is
an example of a highly efficient process and occurs across both of these locations, both in
the membrane on the chromatophore vesicle and in the cytosol surrounding the vesicle.
The overarching aim of this thesis was to produce polymeric systems that were analogous
to parts of the photosynthetic pathway of R. Sphaeroides, and then use FCS to observe
diffusion within these systems. This has been an unqualified success, with two suitable
systems being fabricated and examined, one to investigate diffusion in the cell membrane
and another to look at diffusion in the cytosol.
Diffusion of PEG upon a patterned surface was used to simulate the confinement that
is apparent in the cell membrane. The square grid structure mimicked the underlying
architecture of the cell membrane, and although the proportions were not an ideal match
for a general eukaryotic cell, the design was similar to many specialised cells such as
neurons. The introduction of surface structure, in the form of topography, introduced
a slow mode of surface diffusion that corresponded to PEG molecules trapped within
the grid. Analysis through the use of the FCS diffusion laws showed that the wells in
the square grid could be treated as isolated microdomains, implying that the distance
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between the wells was greater than the length scale the barriers affected. Although
the level of confinement was not comparable to the level observed in cell membranes
((45.6±2.6)% rather than almost 100% in the cell membrane) the difference can be put
down to the nature of the structures. While the proteins and the lipids are confined to
a two-dimensional fluid of the cell membrane, and are much more interactive, the PEG
chains interact very weakly with the structure. This suggests that while the identity of
the chemistry of a system is important, merely having a structure has a profound impact
upon the diffusion of a species regardless of the materials used.
The use of a PGMA-PHPMA diblock copolymer gel simulated the potential respon-
sive nature of the cytosol with respect to the diffusion of molecules within it. The
PGMA-PHPMA gel undergoes a reversible transition, with a change in temperature (lower
than 14 oC) or pH (above pH 4), between a cylindrical vesicle and a spherical vesicle which
in turn leads to a change in the nature of the gel to an aqueous solution. This transition
is accompanied by a change in diffusion coefficient of a factor of between 4 (temperature
dependence) and 8 (pH dependence). The change in diffusion coefficient can be put down
to a change in the size of the diffusing species with the cylindrical vesicle having a sphere
equivalent radius of (58±18) nm and the radius of the spherical vesicles reduced from
(16.3±0.3) nm to (6±4) nm as the temperature was lowered. This change in radius can
be attributed to the breakup of the spheres. Although the transitions are larger than
would be applicable in a biological system the nature of the transition is important and
demonstrates that this is a possible method for the control of diffusion.
In the context of the photosynthetic pathway, the mechanisms observed in the poly-
meric system do seem applicable to the biological process. This suggests that the control
of diffusion is a crucial part of the way biological systems deal with processes. The
mechanisms can also be used in artificial devices to produce biologically inspired designs
that can lead to more efficient processes than are currently available. It is clear that future
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technologies will move to using some of the methodologies that are used in biological
systems to deal with specific processes. In doing so, these technologies will need an
understanding of the diffusion of the constituent parts of the devices produced, as these
will be the centres where the vital work is done. Brownian engineering will become a
buzzword in this state of technology, and it will be work such as that presented in this
thesis that makes the basis of the designs in a toolbox used to control the diffusion of
these important components.
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Appendix A
Basic Theory and Derivations
Collected in this section are the derivations of key equations and basic theory associated
with brushes, block copolymers and polymer diffusion.
A.1 Semiconductor PV Cells
When a photon is incident on a piece of silicon there are three processes that can occur.
Firstly the photon can pass straight through the silicon, a process that mostly occurs
with low energy photons. The second possibility is that the photon is reflected off of the
surface. The third process, and the most relevant to the production of charge carriers,
is the absorption of the photon by the silicon. This can only occur if the photon has
more energy than the band gap, the energy difference between the valance band and the
conduction band. The valance band is where the electrons are used to bond the atoms
of the semiconductor together and as such the electrons are unable to move any real
distance. However, when the photon excites the electron, it is possible for the electron
to jump to the conduction band where it can then move throughout the semiconductor.
This jump from valence to conduction band leaves a hole where the electron was bonding
atoms together. This hole can also move through the semiconductor, moving between
neighbouring atoms as electrons try to fill the gap where no bond is present. When a
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photon with energy greater than that of the band gap is absorbed, the additional energy
is simply lost as heat.
At this point there is a mobile electron-hole pair within the semiconductor lattice yet this
is of no great use as if left for sufficient time the electron will recombine with the hole. The
electron and hole are attracted to one another coulombically and when they recombine a
photon with the energy of the band gap is emitted. When looking to generate electricity
from light, this is clearly a process we do not want to occur. We must therefore separate
the charge carriers and there are two modes that can lead to this separation; drift induced
by an electric field will move the electron and holes in opposite directions, and diffusion,
where the random thermal motion will allow the carriers to move. It is a combination of
the two that allows the separation. An internal electric field within the active region draws
electrons and holes in different directions. However only those carriers within a diffusion
length (the length a carrier can diffuse during the ‘recombination time’) are able to traverse
the interface between the active region and the rest of the cell. The electrons that leave the
active region are then swept away so that they can not recombine with holes and vice versa.
The most commonly known solar cell is that of the large area silicon cell. This is a
large p-n junction, that is a layer of n-type silicon (more electrons than holes) with a
layer of p-type silicon (more holes than electrons) on top it. When placed in contact,
electrons will diffuse from an area of high concentration (the n-type) to an area of low
concentration (the p-type). When they diffuse across, the electrons recombine with holes.
However, this process does not happen indefinitely as an electric field is generated by the
build up of charge. This field acts to induce a drift current which opposes the diffusion
of electrons and holes. As the charge builds up the electric field increases until there is
enough charge to produce a field that entirely counters the diffusion, leaving a region with
no mobile carriers. This depletion region is the active region of our solar cell.
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A.2 Fick’s First Law
Fick’s First Law describes the flux of concentration under steady-state conditions. This is
usually observed as diffusion from a high to low concentration.
Consider a collection of particles undergoing a one dimensional random walk, where
the number of particles at a specific location,x, and time, t, is defined as N(x, t). At a
time interval ∆t all particles step either left or right a length ∆x. At any given time step,
half of the particles will move left while half will move right. This means that half of the
molecules as the point x move right to x+∆x, while half of those molecules at point x+∆x
move left to x. The net movement of particles right is therefore −1
2
[N(x+∆x, t)−N(x, t)].
The flux (J) is net movement through an area (a), that is normal to random walk, during
∆t, so
J =
1
2
[
N(x+ ∆x, t)
a∆t
− N(x, t)
a∆t
]
= −(∆x)
2
2∆t
[
N(x+ ∆x, t)
a(∆x)2
− N(x, t)
a(∆x)2
]
, (A.2.1)
where the second equation is produced by multipilying the top and bottom by (∆x)2.
Concentration can be define as the number of particles per unit volume (ρ(x, t) = N(x,t)
a∆x
)
and the one dimensional diffusion coefficient ,D, is defined as (∆x)
2
2∆t
. These two definitions
can be used in confunction with equation A.2.1 to produce
J = −D
[
ρ(x+ ∆x, t)
∆x
− ρ(x, t)
∆x
]
. (A.2.2)
Finally, it is possible to use the limit of ∆x→ 0 on equation A.2.2:
J = −D∂ρ
∂x
. (A.2.3)
195
It is possible to provide Fick’s First Law in any dimensionality required by changing to
the appropriate space derivative.
A.3 Fick’s Second Law
Fick’s Second Law is derived from Fick’s First Law and the conservation of mass. In the
absence of chemical reactions the following statement is true in one dimension
∂ρ
∂t
+
∂
∂x
J = 0, (A.3.1)
where the first term represents the change in concentration with time and the second term
is the flux of particles in relation to space. ρ represents the concentration of particles
while J represents the flux of particles.
Equation A.3.1 can be simplified by substituting Fick’s First Law (equation A.2.3)
for the flux. This results in
∂ρ
∂t
− ∂
∂x
(
D
∂
∂x
ρ
)
= 0, (A.3.2)
where D is the diffusion coefficient.
Equation A.3.2 can be simplified further if the diffusion coefficient describing the motion
of the particles is location invariant. This means that
∂
∂x
(
D
∂
∂x
ρ
)
= D
∂
∂x
∂
∂x
ρ = D
∂2ρ
∂x2
. (A.3.3)
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Collecting equation A.3.2 and the statement A.3.3, Fick’s Second Law in one dimension is
found to be
∂ρ
∂t
= D
∂2ρ
∂x2
. (A.3.4)
In the case of three dimensions Fick’s Second Law is described as
∂ρ
∂t
= D∇2ρ. (A.3.5)
Finally, if the diffusion coefficient is known to not be independent of location, Fick’s
Second Law can be described by
∂ρ
∂t
= ∇ · (D∇ρ). (A.3.6)
A.4 Einstein’s First Equation on Diffusion
Einstein found that he was unable to use classical mechanics to calculate the position of
a single particle due to the vast number of ‘bombardments’ that the Brownian particle
undergoes (about 1021 collisions per second), instead he considered the collective motion of
the particles. Consider a system of N particles that start at a specific point (x = 0) at an
initial time (t = 0). The density of the particles,ρ(x, t), can be calculated by considering
the standard diffusion equation (Fick’s Second Law):
∂ρ
∂t
= D
∂2ρ
∂x2
. (A.4.1)
By solving this using the boundary conditions stated (ρ(0, 0) = N) it is possible to find a
description for the ‘spread’ of Brownian particles with time:
ρ(x, t) =
N√
4piDt
exp(− x
2
4Dt
). (A.4.2)
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If the average displacement is taken, a value of zero is returned. This follows intuitively
from the fact that Brownian particles will move to the left as often as to the right. If the
mean square displacement is taken then:
〈x〉2 = 2Dt, (A.4.3)
which agrees with equation 1.7.2 for the case of one dimension. It is noteworthy that this
result allows for a description in both the case of an ‘ensemble’ of Brownian particles and
a ‘single’ Brownian particle, allowing for a discussion of the relative number of particles
at an instant as well as the time it takes a particle to reach a given point.
A.5 Einstein’s Second Equation on Diffusion
Einstein made his formulation by considering a dynamic equilibrium between opposing
forces. As the identity of the forces is unimportant (as mention in section 1.7.1), the
general case will be considered in one dimension. The proof is identical across two or three
dimensions only needing use of the correct dimensionality of functions and differential
operators.
A fixed, external potential energy U creates a force on our particles, F = −dU/dx.
The particle will respond to this force by moving with a velocity, v = µF where µ is the
particle mobility. This can be expanded to treat a large number of particles, such that
their local concentration is a function of position ρ(x). After some time an equilibrium
will establish, such that the particles will mainly congregate around areas with the lowest
U with some spread due to random diffusion. At this point there is no net flow of particles,
and the motion induced by a ‘pull’ towards the lower regions of U will be balanced by an
equal and opposite tendency for spread by diffusion.
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The net mass flux induced by a drift current alone is
Jdrift(x) = µF (x)ρ(x) = −ρ(x)µdU
dx
. (A.5.1)
The net mass flux induced by diffusion current is known from Fick’s First law given in
equation 1.7.1. Equilibrium requires that
0 = Jdrift(x) + Jdiffusion(x) = −ρ(x)µdU
dx
−Ddρ
dx
. (A.5.2)
In equilibrium conditions it is possible to apply thermodynamics, and particularly Boltz-
mann statistics, to infer that
ρ(x) = Ae
− U
kBT , (A.5.3)
where A is a constant relating to the number of particles. By using the chain rule it is
possible to produce:
dρ
dx
= − 1
kBT
dU
dx
ρ(x). (A.5.4)
Substituting equation A.5.4 into equation A.5.2
0 = Jdrift(x) + Jdiffusion(x) = −ρ(x)µdU
dx
+
D
kBT
dU
dx
ρ(x)
= ρ(x)
dU
dx
(
µ− D
kBT
)
. (A.5.5)
As the system is in a state of equilibrium, this result must be location invariant leaving a
final result of:
µ =
D
kBT
. (A.5.6)
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A.6 Polymer Brushes
In polymer brushes, the way the chain can configure itself is limited by the presence of
the interface. The configuration of densely populated tethered chains and their defor-
mation from the random coil, is reflected by the balance between the elastic free energy
of the chains and the interaction between individual monomers [145]. Dense tethering
on an interface causes there to be a strong overlap among the coils. This increases the
monomer-monomer unit contacts which in turn increases the interaction energy of the
system. The stretching of the polymer chains in a direction perpendicular to the surface
allows the monomer concentration to decrease while increasing the thickness or height of
the brush layer. While this stretching acts to lower the interaction energy per chain (Fint),
it produces an increase in the elastic free energy (Fel) as the chain becomes more ordered.
The relationship between these two terms determines the equilibrium thickness of the layer.
A simple model to explain this interplay is the Alexander model in which a flat non-
adsorbing surface is considered [145]. On this surface a number of uniform polymer chains
are tethered, with each chain consisting of N statistical segments, each of a diameter a.
The average distance between the tethering points is d, which is much smaller than the
radius of gyration of a free, untethered and undeformed chain. Given this, the free energy
of each chain is:
F = Fint + Fel. (A.6.1)
Two assumptions are required to enable simple expressions to be made of the two terms
in equation (A.6.1). The first is that the volume fraction of statistical segments is con-
stant within the brush layer (φ = Na
3
d2L
). The second assumption is that all of the free
ends of the polymer chains can be located in a single plane at a distance L from the surface.
It is possible to use the Flory approximation to obtain an explicit expression for the free
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energy [146]. This estimates the reduction in configurational entropy that is a result of
stretching an ideal random walk, a distance L from the grafting surface, thus allowing the
free energy to be described as:
F
kBT
≈ νφ
2d2L
a3
+
L2
R20
, (A.6.2)
where ν is a dimensionless parameter quantifying the excluded volume of the chain, and
R0 is the radius gyration of an unperturbed ideal coil.
The first term of (A.6.2) represents the interaction energy between statistical segments
while the second term represents the elasticity of the chain. The equilibrium thickness
of the brush layer is easily produced by minimising the free energy with respect to the
parameter L:
L
a
≈ N
(a
d
)2/3
. (A.6.3)
This result is notable, due to the demonstration that brush layer thickness scales linearly
with the degree of polymerisation. This is perhaps the most important and distinctive
property of polymer brushes and can be compared to a free polymer chain in a good
solvent (a solvent where the polymer chain stretches), where the dimension of the coil
varies as R ∼ N 3/5 . This behaviour can also be contrasted with that of a free polymer
chain in a theta solvent (a solvent where the chain can be seen to act as an idealised
random coil). In a theta solvent the dimensions of the chain scale as R0 ∼ N 1/2 .
The central tenet of the Alexander model, the balance of interaction energy and elastic
free energy, can also be applied to other situations involving polymer brushes. Namely,
the brush in a theta solvent or a poor solvent.
In a theta solvent, the interaction between statistical segments disappears, allowing
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the free energy per chain to be expressed as:
F
kBT
≈ wφ
3d2L
a3
+
L2
Na2
, (A.6.4)
where w is a dimensionless third Virial coefficient. The result for the equilibrium thickness
can be obtained in the same way as the previous result and is described as:
L
a
≈ N
(a
d
)
. (A.6.5)
Again the linearity of L and N is recovered. However, the length of the chains have
shrunk in comparison with that of a good solvent. It should be stressed however that the
polymer chains are still distorted with respect to that of a free polymer in a theta solvent
( R0 ∼ N 1/2).
In the case of melt conditions with no solvent, the relationship between the equilib-
rium thickness and the degree of polymerisation can be found in the same way. In this
case the relationship can be described as:
L ∼ N 2/3 . (A.6.6)
This again demonstrates the deformation of the polymer brush in comparison with that
of a free chain.
Table A.1 summarises the results for the length scales of both free polymer chains
and tethered chains in terms of the number of statistical segments (N).
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Tethered Polymer Brush
Chains
Free Polymer
Chain
Good
Solvent
L/a ≈ N (a/d)
2/3 Rg ∼ N 3/5
Theta
Solvent
L/a ≈ N (a/d) Rg ∼ N
1/2
Bulk state L ∼ N 2/3 Rg ∼ N
1/2
Table A.1: The relationship between the dimensions of a polymer and the degree of
polymerisation based upon the Alexander Model.
A.7 Mixing and Phase Seperation in Polymers
It is possible to consider the mixing of polymers as well as the phase separation of the
mixture by extending the simple models for solution models [99]. In the regular solution
model the free energy of mixing is formed by balancing an entropic contribution with an
enthalpic contribution. If monomer species A and monomer species B are mixed then it is
possible to produce an expression for the free energy of mixing (Fmono):
Fmono
kBT
= φA lnφA + φB lnφB + χφAφB, (A.7.1)
where φA and φB are the volume fractions of the monomers and χ is the interaction
parameter between the monomers A and B.
This equation can be modified to deal with polymers made of the monomers A and
B [99]. The case where both polymers have a degree of polymerisation N will be consid-
ered. With reasonably simple arguments this can be achieved by noticing that the first
two terms of equation A.7.1 relate to the entropy of mixing. The term arises from the
fact that a site in space has a probability of φA of being occupied by monomer A and a
probability of φB of being occupied by monomer B. If the number of monomer units is
increased from one for the monomer solution to N for the polymer case, the probability
will remain the same. However, the energy of mixing (the final term) must increase by a
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factor of N to account for the increase in monomer units.
This means that the free energy of mixing per polymer molecule (Fmolpoly) can be written as:
Fmolpoly
kBT
= φA lnφA + φB lnφB +NχφAφB. (A.7.2)
Here the interaction parameter is the interaction energy per monomer treated as being
independent of the degree of polymerisation. It is however customary to provide the free
energy per monomer unit (or per site when treated mathematically) rather than as the
molecule as a whole. The free energy in this form (F sitepoly) is:
F sitepoly
kBT
=
φA
N
lnφA +
φB
N
lnφB + χφAφB. (A.7.3)
In literature, the approximation of free energy given in equation A.7.3 is known as the
Flory-Huggins free energy.
In single small molecules (i.e. the monomeric solution case) there exists a critical value
for the interaction parameter which separates the case of a mixture of molecular species
to that of phase separation of the two species
χ > χc = 2 for phase separation and
χ < χc = 2 for a single phase. (A.7.4)
However, in the case of polymers this needs to be modified to account for the degree of
polymerisation and therefore the increase of monomers per molecule. Instead we find that
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χc =
2
N
, so that
χ > χc =
2
N
for phase separation and
χ < χc =
2
N
for a single phase. (A.7.5)
Most pairs of polymers have an interaction parameter in the range of 0.01− 0.1 [99], so
we can expect polymers to phase separate if the degree of polymerisation is high. There
are two points that are critically important to consider:
• the coexisting phases are for all intents and purposes pure,
• the interface between the phase is not atomically sharp.
The first point comes from calculating the coexisting compositions from the Flory-Huggins
free energy of mixing. In the case where χN  1, the coexisting composition φB is well
approximated by:
φB ≈ exp(−χN) (A.7.6)
For a polymer pair that is highly polymerised and has even a modestly unfavourable
interaction parameter, the exponent in equation A.7.6 will be much larger than 1 and
therefore meaning that the region is essentially polymer A (equation A.7.6 is only valid
where φB ∼ 0).
To justify the second statement we must first consider the random walk of a polymer
chain. An atomically sharp interface would minimise the number of unfavourable contacts
that exist between the segments of the different polymers. However, this will reduce the
number of configurations that the chain could assume, thereby reducing the entropy of
the chain. Rather than being atomically sharp, the interface must be diffuse, to the point
that a balance between the entropy and energy due to unfavourable contacts is reached.
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It is possible to derive simple expressions from simple arguments to show that the
width of the interface, w, is:
w ∼ a√
χ
, (A.7.7)
where a is the size of the monomer, and the value for the width is typically 1-3 nm [99].
Much more sophisticated theories (such as FHS theory [147])can be used to produce
similar expressions for the interface width with only numerical factors being introduced.
A.8 Confocal Microscopy
In a traditional fluorescence microscope, light is allowed to excite the molecules being
imaged. If the molecule is fluorescent, then a different colour is observed and this can
be used to build up an image. The major advantage in fluorescence microscopy is that
by adding specific dye molecules to the sample it possible to image only specific sections.
It is also possible to use multiple dyes, each attached to different molecules of interest
within the sample so as to distinguish different regions within the sample. By adding a
pinhole, confocal microscopy is able to increase the resolution of the images obtained.
Consider a microscope with a set of lenses that focus light from the focal point of
one lens to some other arbitary point. Light originating from another point will still be
imaged by the lenses of the microscope, though the image from this second point will not
be in the same location as the light from the focal point. To observe just the light from
the focal point, a pinhole is introduced to the system [148]. The pinhole is placed on the
other side of the lens system at the image produced by the light from the focal point.
This allows all light from the focal point to be imaged while light from any other point is
out of focus and gets blocked by the pinhole.
In the traditional microscope the entire sample is illuminated by the excitation light,
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Figure A.1: A schematic diagram demonstrating the basic principle of confocal
microscopy. The red trace represents light originating from the focal point of the
lens, at A, and is able to pass through the pinhole, while the green light which is
from some other point, B, is blocked by the screen.
meaning that the entire sample fluoresces at the same time. The highest intensity of
excitation light is at the focus of the lens system but this does not prevent the rest of
the sample receiving some light. This leads to a background haze in the resulting images,
which is removed by the introduction of the pinhole [148].
The resolution of confocal microscopy is limited by the point-spread function, as the
fluorescence can be treated as originating from a point source [148]. Specifically the size of
the pinhole will have a major impact on the resolution so that the maximum of focussed
light can be collected. Ideally the pinhole is large enough to allow the Airy disk of the
point-spread function to be transmitted while blocking out all other fringes. The size of
the Airy disk (dAiry), specifically the diameter of it, can be extracted from the Rayleigh
criterion
dAiry ≈ 1.22 λ
NA
, (A.8.1)
where λ is the wavelength of light and NA is the numerical apperture of the lens system.
This relation needs to be modified to account for the impact of the magnification of
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the lens (M), meaning that the pinhole diameter (dpinhole) must be
dpinhole = M · dAiry ≈ 1.22 ·M λ
NA
. (A.8.2)
The axial resolution (daxial) can also be calculated and equates to the distance from the
centre of the diffraction pattern to the first axial minimum of the pattern [148]. This is
given by:
daxial ≈ 2λ · n
(NA)2
, (A.8.3)
where n is the refractive index of the object medium. A typical set-up used with the
available equipment (514 nm laser, 40× magnification and a numerical aperture of 1.3
imaging a fluorophore in aqueous conditions) requires a pinhole diameter of 19 µm, and
has a lateral and axial resolution of 480 nm and 810 nm respectively. The axial resolution
can be doubled to get the thickness of the ‘optical slice’, that is the thickness of the region
that is imaged. In the case of the set-up already considered this is of the order of 1.5 µm.
A.9 Theory of FCS
The number of molecules that are within the focal volume at any time is governed by the
Poisson distribution. This means that the root mean square fluctuation of the particle
number N is well defined as
√〈(δN)2〉
〈N〉 =
√〈(N − 〈N〉)2〉
〈N〉 =
1√〈N〉 . (A.9.1)
Since the relative fluctuations get smaller as the number of molecules increase, it is
important to minimise the number of the molecules in the focal volume. Despite this it is
essential that the fluorescence signal be higher than that of the background signal. If the
concentration of molecules in solution is too low then there may be times when there is
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no molecule in the focal point.
The molecules within the focal point emit fluorescence which is recorded photon by
photon. If there is a constant excitation power, then the fluctuations of the signal are
defined as deviations from the temporal average:
δF (t) = F (t)− 〈F (t)〉 (A.9.2)
〈F (t)〉 = 1
T
∫ T
0
F (T )dt. (A.9.3)
If all fluctuations are solely due to changes in the local concentration δC of the fluorescent
molecule within the effective volume Veff of the focal spot, the fluctuations can be written
as:
δF (t) = κ
∫
V
Iex(~r) · S(~r) · δ(σ · q · C(~r, t)). · dV (A.9.4)
The majority of the parameters in equation (A.9.4) are describing the probability of
exciting a fluorophore within the confocal volume and then detecting the photon that is
emitted. The parameters are defined as
• κ : The overall detection efficiency.
• Iex(~r) : Spatial distribution of the excitation energy with a maximum amplitude of
I0 .
• S(~r) : The optical transfer function of the objective-pinhole combination, which
determines the spatial collection efficiency of the setup and is a dimensionless factor.
• δ(σ · q · C(~r, t)) : The dynamics of the fluorophore where σ relates to the molecular
absorption cross-section, q is the quantum yield and C(~r, t) is the local concentration
of particles at time t.
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Determining all of these parameters is impossible in most cases and extremely difficult in
others. It is possible to define some parameters by careful combination and manipulation
of the factors that lead to the parameters. To simplify equation (A.9.4), the two spatial
optical factors ( Iex(~r)
I0
· S(~r)) are combined into a single function W (~r), which decribes
the distribution of emitted light. This is usually approximated by a three-dimensional
Gaussian which decays to 1
e2
of its initial value at r0 in the lateral direction and at z = z0
in the axial direction.
W (~r) = exp
(
−2x
2 + y2
r20
)
· exp
(
−2z
2
z20
)
. (A.9.5)
A subsequent simplification of equation (A.9.4) involves combining the parameters κ, σ
and q with the excitation intensity amplitude I0 to give a parameter that determines the
photon count rate per detected molecule:
η0 = I0 · κ · σ · q. (A.9.6)
If the definitions (A.9.5) and (A.9.6) are inserted into equation (A.9.4) then:
δF (t) =
∫
V
W (~r)δ(ηC(~r, t)) · dV. (A.9.7)
The normalised autocorrelation function is defined as
g(τ) =
〈δF (t) · δF (t+ τ)〉
〈F (t)〉2 , (A.9.8)
Where the signal is analysed with respect to a lag time τ to find the measure of similarity.
From (A.9.8), when the autocorrelation amplitude g(0) is simply the normalised variance
of the fluctuating fluorescence signal δF (t).
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If equation (A.9.7) is now substituted into equation (A.9.8) to give
g(τ) =
∫∫
W (~r)W (~r′)〈(η · C(~r, t))δ(η · C(~r′, t))dV dV ′
(
∫
W (~r)〈δ(η · C(~r, t))〉dV )2 . (A.9.9)
Now it is necessary to separate the term describing the fluctuations:
δ(η · C(~r, t)) = Cδη + ηδC. (A.9.10)
Clearly (A.9.9) will be simplified greatly if either the concentration or η is constant in a
system. If the fluorophore’s fluorescent properties are assumed not to change during the
observation time (δη = 0), then (A.9.9) can be written as
g(τ) =
∫∫
W (~r)W (~r′)〈δC(~r, 0)δC(~r′, τ)dV dV ′
(〈C〉 ∫ W (~r)dV )2 . (A.9.11)
The term 〈δC(~r, 0)δC(~r′, τ)〉 is called the number density autocorrelation term. If only
particles that are freely diffusing in three dimensions, with the diffusion coefficient D, are
considered then the number density autocorrelation term becomes
〈δC(~r, 0)δC(~r′, τ)〉 = 〈C〉 1
(4piDτ)−
3
2
· exp
(
−(~r −
~r′)2
4Dτ
)
. (A.9.12)
This can then be inserted into (A.9.11) to give:
g(τ) =
∫∫
W (~r)W (~r′)〈C〉 1
(4piDτ)−
3
2
· e− (~r−
~r′)2
4Dτ dV dV ′
(〈C〉 ∫ W (~r)dV )2
=
1
〈C〉(4piDτ)− 32
∫∫
W (~r)W (~r′) · e− (~r−
~r′)2
4Dτ dV dV ′
(
∫
W (~r)dV )2
. (A.9.13)
Two more conventions can be inserted to get to the normalised three-dimensional diffusion
autocorrelation for one species of molecules. These will be discussed in turn.
The first convention for simplifying the normalised autocorrelation function, is the rela-
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tionship between the lateral diffusion time, the time a molecule stays in the focal volume
τD, and the diffusion coefficient. This is independent of the setup used:
τD =
r20
4 ·D. (A.9.14)
The second definition for the simplification of equation (A.9.13) is for the effective focal
volume Veff
Veff =
(
∫
W (~r)dV )2∫
W 2(r)dV
. (A.9.15)
By using equation (A.9.5) to provide the identity of W (~r) and solve for Veff by integrating
over space
Veff = pi
3
2 · r20 · z0 (A.9.16)
Therefore using (A.9.14) and (A.9.16) into (A.9.13) the autocorrelation for a species of
freely diffusing molecules yields
g(τ) =
1
Veff〈C〉 ·
1(
1 +
(
τ
τD
)2) · 1√
1 +
(
z0
r0
)2
· τ
τD
. (A.9.17)
The first term of (A.9.17) is the inverse of the average particle number within the focal
volume. This means that if the dimensions of r0 and z0 are deduced from calibration
measurements, the local concentration of the fluorscent molecules can be calculated from
the amplitude of the autocorrelation curve at a lagtime of zero (g(0)):
g(0) =
1
〈N〉 =
1
Veff · 〈C〉 ⇒ 〈C〉 =
1
Veff · g(0) . (A.9.18)
In addition to the local concentration of fluorophores, the diffusion coefficient can be easily
derived from the characteristic decay time of the correlation function (τD) by rearranging
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(A.9.14).
To this point the fluorescent properties of the diffusing species have been treated as
a constant as they traverse the focal spot (δη = 0). This assumption does not hold for real
fluorescent dyes or at the high excitation powers provided by a laser. In real situations, the
dye will sometimes appear to ’flicker’ and the most common cause of this is the transition
of the dye to the first excited triplet state. To understand this phenomenon it is necessary
to discuss transitions between energy levels.
Figure A.2: A Jablonski diagram showing simple two level fluorescence with
associated decay rate constants.
The ground state of the molecule will be designated as S0 while the first excited state will
be designated as S1 (Figure (A.2)). The system will start off in the lowest vibrational
energy level of the ground state. When a photon is absorbed, the molecule is elevated to
one of the vibrational energy levels in the first excited state. The rate constant for this
transition is k12. The molecule then decays extremely quickly to the lowest vibrational
level of the first excited state, so rapidly as to be treated as instantaneous. From this
lowest level the system then decays to one of the vibrational energy levels of the ground
state with a rate constant of k21.
k21 is not simply the rate constant for the radiative transition where a photon is emitted,
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but is rather the sum of the radiative coefficient, kr, and the non-radiative coefficient, knr.
A significant point is that if the radiative decay rate kr is multiplied by the concentration
of the S1 state the fluorescence of the system is recovered.
In most fluorophores there is typically another set of parallel states referred to as triplet
states. To move from a triplet state to a singlet state is forbidden in first order quantum
mechanics, and requires spin-orbit coupling to proceed. Figure A.3 shows a triplet state
T1 with associated ‘forbidden’ transitions between S1 and S0. As a consequence of the
nature of this transition, the rate constants κ23 and κ31 are much smaller than κ12 and
κ21.
Figure A.3: A Jablonski diagram showing both singlet states and the first triplet
state, with the transitions and associated decay rate constants. It should be noted
that it is incredibly unlikely for an electron to jump straight into the triplet state
T1, but will rather make use of intersystem crossing to move from S1 to some
intermediary state before decaying to T1. The rate for this entire process can be
treated as κ23.
So that equation (A.9.17) can be updated to include the effects of the possibility of the
fluorophore using the triplet state, it is necessary to quantify the decay rate constants for
the transitions. It is possible to create coupled differential equations for the three possible
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states based upon figure A.3 using a matrix formula,
d
dt

S0(~r, t)
S1(~r, t)
T1(~r, t)
 =

−κ12(~r) κ21 κ31
κ12 −(κ23 + κ21) 0
0 κ23 −κ31


S0(~r, t)
S1(~r, t)
T1(~r, t)
 . (A.9.19)
It is known from a previous definition that at t = 0, all molecules are in the ground state.
This allows a boundary condition to be placed upon equation (A.9.19):

S0(~r, t)
S1(~r, t)
T1(~r, t)
 =

1
0
0
 . (A.9.20)
It is possible to solve equations (A.9.19) and (A.9.20) completely for all states but because
it is just the fluorescence of the system that is of interest this is not necessary. As
fluorescence is proportional to the number of molecules in S1, it is possible to solve
equations (A.9.19) and (A.9.20) for only state S1:
S1(~r, t) =
κ12(~r)κ31
κ12(~r)(κ23 + κ31) + κ21κ31
+
κ12(~r)
κ12(~r) + κ21
exp (−(κ21 + κ12(~r))t)
+
κ212(~r)κ23
(κ12(~r) + κ21)κ12(~r)(κ23 + κ31) + κ21κ31
exp
(
−κ21 + κ12(~r)κ23
κ12(~r + κ21
)t
)
. (A.9.21)
If equation (A.9.21) is considered in conjunction with the notion that κ12 and κ21 are very
large compared with κ23 and κ31, the constant term can be considered to represent the
equilibrium value that the system attains after infinite time. The second term is entirely
dependent on the rate constants κ12 and κ21 making the value of the exponent very large.
This means that the middle term will vanish at timescales much lower than that of the
measurements involved in FCS. This leaves the third term, which describes the crossing
between the T1 state and the two singlet states. Upon consideration, it is possible to
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rewrite equation (A.9.21) as:
S1(~r, t) = (1− T ) + Te
−t
τT , (A.9.22)
where
T =
κ212(~r)κ23
(κ12(~r) + κ21)κ12(~r)(κ23 + κ31) + κ21κ31
and
τT =
(
κ21 +
κ12(~r)κ23
κ12(~r + κ21
)2
.
To integrate this into the autocorrelation function, dependence of κ12 on position r will
be ignored, which is a very good approximation. To read further discussion and a full
treatment of this proof, justifying why the dependence can be ignored, see Widengren et
al. (1995) [149]. In the most basic sense, the triplet to singlet transition acts to alter the
quantum efficiency of the system. A fraction of molecules T are non-fluorescent, while a
fraction (1− T ) + Te− ττT remain fluorescent. This fraction becomes a multiplier to the
autocorrelation function, while additionally the average number of molecules 〈N〉 must be
replaced with (1− T )〈N〉, so that
g(τ) =
(
(1− T ) + Te−tτT
) 1
〈N〉 ·
1(
1 +
(
τ
τD
)2) · 1√
1 +
(
z0
r0
)2
· τ
τD
. (A.9.23)
Equation (A.9.23) describes the case of a fluorophore isotropically diffusing in three
dimensions but with very few changes to the derivation it is possible to produce the
autocorrelation function describing two dimensional diffusion:
g(τ) =
(
(1− T ) + Te−tτT
) 1
〈N〉 ·
1
1 +
(
τ
τD
) . (A.9.24)
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Finally, it is possible to integrate these two descriptions of diffusion into one expression so
that it can describe both three dimensional and two dimensional motion:
g(τ) =
(
(1− T ) + Te−tτT
) 1
〈N〉
 1− f(
1 +
(
τ
τD
)2)(
1 +
(
z0
r0
)2
· τ
τD
)1/2 + f
1 +
(
τ
τD
)
 .
(A.9.25)
This concludes the derivation of the autocorrelation function relating to the fluctuations
in fluorescence, with equation (A.9.25) the final result. However, it should be noted that
when data are collected the raw data are not presented in terms of fluctuations from a
mean intensity, but as the intensity at each discrete time. This is not compatible with
equation (A.9.25) but it is simple to produce the form that is.
Removing the time dependence it is straightforward to demonstrate the relationship
between a correlation description in terms of an intensity I and in terms of a fluctuation
in intensity δI. The correlation in terms of δI has been previously presented as an
autocorrelation in terms of a time dependent term F (τ), yet in the case considered now it
is much simpler:
g =
〈(δI)2〉
〈I〉2 , (A.9.26)
while similarly the correlation in terms of intensity is presented as
G =
〈I2〉
〈I〉2 . (A.9.27)
Upon consideration it is clear that we can integrate both the intensity and fluctuation of
the intensity into a single expression:
I = 〈I〉+ δI. (A.9.28)
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By introducing the description in equation (A.9.28) into the definition (A.9.27):
G =
〈(〈I〉+ δI)2〉
〈I〉2 =
〈(〈I〉2 + 2〈I〉δI + (δI)2)〉
〈I〉2
=
〈I〉2 + 2〈I〉〈δI〉+ 〈(δI)2〉
〈I〉2
= 1 +
2〈δI〉
〈I〉 +
〈(δI)2〉
〈I〉2 . (A.9.29)
It is possible to simplify equation (A.9.29) by recognising that random processes exhibit
as many fluctuations above the mean as below it (i.e. 〈δI〉 = 0),
G = 1 +
〈(δI)2〉
〈I〉2 = 1 + g. (A.9.30)
The logic exhibited in this quick derivation of the link between G and g can be applied to
the similar case of autocorrelation between different times. As such equation (A.9.25) can
be modified to be in terms of G(τ) which is more commonly collected from raw data to
give
G(τ) = 1 +
1
〈N〉
 1− f(
1 +
(
τ
τD
)2)(
1 +
(
z0
r0
)2
· τ
τD
)1/2 + f
1 +
(
τ
τD
)
((1− T ) + Te−tτT ) .
(A.9.31)
A.10 Contact Angle
The angle at which a liquid contacts a solid surface in the presence of a vapour is the
contact angle. In equilibrium conditions, the contact angle is described by Young’s
equation
γSL + γLG cos θc = γSG, (A.10.1)
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where θc is the contact angle and γSL, γSG and γLG refers to the free energy at the
solid-liquid interface, the solid-gas interface and the liquid-gas interface respectively. The
geometry of this is presented in figure A.4.
Figure A.4: A schematic diagram of a liquid drop and the free energies at each
interface.
When a droplet of a liquid is placed on a solid surface it spreads. The degree of spreading
is determined by the interfacial tension at the solid-liquid, solid-vapour and liquid-vapour
interfaces. In the case of water, this spreading will be high for polar surfaces (leading to
a small contact angle) and low for non-polar or hydrophobic surfaces (leading to a high
contact angle).
A.11 X-ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for chemical
analysis (ESCA), is a surface analysis technique that can be used to provide information
on the elemental composition, surface chemistry, electronic structure and morphology of a
surface [150].
In XPS, the sample is bombarded with soft x-ray photons which cause the emission
of electrons from the surface in process known as the photoelectric effect (figure A.5).
Through the use of an electron energy analyser, the number and kinetic energy of the
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photoelectrons emitted can be measured. The kinetic energy (Ek) of the photoelectrons
can be used to determine the binding energy (EB) of the orbitals from which they are
emitted and from this a spectrum can be built up. The relationship between the kinetic
energy and the binding energy can be expressed
Ek = hν − EB − φ, (A.11.1)
where hν is the wavelength of light used and φ the electron spectrometer work functions.
Figure A.5: A schematic diagram demonstrating the principles of XPS. An X-ray
photon is absorbed which causes an electron to be emitted via the photoelectric
effect.
Each element (with the exception of hydrogen and helium) has a characteristic binding
energy and a corresponding set of peaks in the XPS spectra, enabling any elements
present on the surface to be identified quickly [151]. The intensity for each element, as
measured by the area under each peak, is directly proportional to its relative amount of
each element on the surface. The stoichiometry of the sample can therefore be determined
from its spectrum. XPS can also provide detailed information about the chemical states
of each element present. The binding energy for each orbital is dependent on its binding
environment and changes in bonding lead to small changes in binding energy. Analysis of
these enables the bonding environment to be determined. For example, the XPS peak
arising from photoelectrons emitted from the C1s orbital of an aliphatic carbon will
occur at 285 eV [150]. When carbon is bonded to an electronegative oxygen atom, as a
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consequence the XPS peak will be shifted 1.4 eV higher.
The XPS instrument is housed in thick stainless steel and is carried out under ultra-high
vacuum (UHV). The use of UHV is crucial as it reduces the amount of surface contamina-
tion and prevents the scattering or adsorption of photoelectrons [150]. The X-rays are
generated by the bombardment of a metal with electrons, commonly this is Mg (MgKα
1253.6 eV) or Al (AlKα 1486.6 eV) [151]. The X-rays pass through a quartz crystal, which
acts as a monochromator focuser and provides a narrower excitation source, allowing a
higher resolution to be obtained. Though the X-rays will penetrate far into a sample, the
photoelectrons will be only detected from the top 10 nm of the surface. This is due to the
short distance photoelectrons can travel without loss of energy, known as the inelastic
mean free path. As a consequence XPS is a highly surface sensitive technique.
A.12 Scanning Force Microscopy
Scanning probe microscopy represents a group of techniques for surface analysis. Scanning
tunnelling microscopy was the first technique invented within this family [152], yet it is the
development of Scanning force microscopy (commonly known as atomic force microscopy
or AFM) that sees the most use with respect to polymeric systems. The force that
exists between the AFM tip and the sample can be employed in the surface analysis of
practically any material. Originally, AFM was produced as the analogue of Scanning
Tunneling Microscopy for profiling non-conducting surfaces in high resolution [153]. Since
its inception though, AFM has developed into a multifunctional technique that can not
only examine the topography of a surface but also the adhesion and mechanical prop-
erties on scales from hundreds of microns down to nanometres. As polymeric materials
are important in modern technologies, and the importance of nanometre scale features
becomes apparent, the significance of AFM as a technique for characterisation is enhanced.
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In AFM, the surface of the sample is scanned with a probe. The probe consisted
of a cantilever with a very sharp tip [154]. The point of the tip can be kept in continuous
contact with the surface for imaging in contact mode, or the cantilever can be forced to
oscillate causing the tip to be in intermittent contact known as tapping mode [155]. In
tapping mode the oscillation is driven by a small piezoelectric element that forces the
cantilever to oscillate at its resonant frequency.
The bending of the cantilever (contact mode) or the damping of its oscilation (tap-
ping mode) in response to the forces between the microscopic tip and the sample are
monitored by an optical lever [155]. A laser beam is focussed onto the cantilever where
the beam is reflected onto a four quadrant photodector. These quadrants are designed to
detect the bending deflection, bending oscillation and the torsion on the cantilever. The
tip is scanned over the sample (or vice versa) in a raster pattern by another piezoelectric
element in the horizontal plane. The motion of the tip is controlled in the vertical plane
by a feedback mechanism. In contact mode, the feedback aims to keep the cantilever
deflection at a set value and therefore raises or lowers the sample to achieve this. In
tapping mode, the oscillation amplitude is measured. The amplitude is reduced from the
amplitude of a freely oscillating probe (A0) by repulsive interactions between the tip and
the sample. The feedback attempts to keep the oscillation amplitude at a set value (Asp)
by again adjusting the vertical position.
The operations of contact or tapping mode are referred to as constant force measurements
and is the most common form of AFM. The variations in the z-position of the sample
during the scanning are plotted as a function of the position in x and y of the tip, allowing
for a image of the height to be constructed.
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A.12.1 Contact Mode AFM
While AFM was first introduced to obtain high resolution profiles of the surface topog-
raphy, the height records are only exact when the forces applied to the sample through
the tip are small enough so as not to deform the surface itself. Before a measurement
it is difficult to predict whether a certain tip-to-sample force will induce such a deformation.
The impact of tip-to-sample force is perhaps best demonstrated by an example by Magonov
and Reneker (1997) [156]. Height profiles on a surface of a microlayer of polyethylene
(PE) were obtained in contact mode. The sample consisted of alternating layers of low
density and high density polymer (layer M: ρ = 0.92 gcm−3, layer N: ρ = 0.86 gcm−3).
The height image obtained with a tip-to-sample force on 20 nN (figure A.6a) reveals a
number of surface features including traces of the ultramicrotome knife used to prepare
the surface. However the image recorded with a force of 150 nN (figure A.6b) does not
show this, rather it shows a microlayer pattern with alternating stripes of contrast. The
bright stripes are 2-3 µm wide and are related to layers of M. The broad dark bands are
related to the lower density N layers as they are depressed more by the tip than the high
density layers. This example demonstrates that the magnitude of the tip-to-sample force
interactions is of great interest in AFM, smaller forces allowing for the imaging of finer
details such as the traces from the knife that are not visible at larger forces.
The tip-to-surface force applied can also only be classified as high or low in comparison
to the stiffness of the sample being investigated. It is also intuitive that the amount
of deflection for a given force will depend strongly on the tip-to-sample contact area.
Measurement at different forces can not only be collected by changing the force level of
the set point but it is also possible to choose cantilevers with different spring constants,
or take measurements under different ambient conditions.
Estimates of the force applied during contact mode are based upon the spring con-
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Figure A.6: An AFM height micrograph of a polyethylene surface consisting of
alternating layers of low and high density polymer [156]. a) obtained at a
tip-to-sample force of 20 nN. b) obtained at a force of 150 nN. Reproduced with
permission.
stant of the cantilever in use. In commercially available microfabricated silicon and silicon
nitride probes of different shapes it is possible to obtain cantilevers that have spring
constants that vary between 0.01 and 50 Nm-1. In general the soft cantilevers are used for
contact mode while the more rigid ones are used for tapping mode (the extra stiffness
aids the withdrawal of the tip in each oscillation cycle). At ambient conditions, the
magnitude of the tip-to-sample force is between 10 and 100 nN, but this can be increased
by increasing the set-point deflection.
The main function of AFM is that of mapping surface topography, yet it has several other
capabilities in contact mode:
• The dependence of vertical deflection of the cantilever in terms of its position in
relation to the sample position in the z-direction can be used to form a force vs
distance curve (often simply referred to as a force curve). Such a curve can be used
for adjusting the tip-to-sample height but it can also be used to characterise the
mechanical properties of the surface or the adhesion between the sample and the tip.
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• It is possible to record the lateral deflection of the probe while scanning the surface
to make meausrements of ‘friction’ at the nanoscale. With particularly sharp probes
it is possible to observe stick-slip behaviour, characteristic of macroscopic friction,
on the scale of the atomic bond. This can be used when characterising surfaces as
another method of characterisation of the adhesive properties as well as examining
regions of a surface that might hinder diffusion.
A.12.2 Tapping mode AFM
In the case of soft materials such as polymeric surfaces, it is often the case that the
tip-to-sample force in contact mode is too high, often leading to mechanical deformations
of the surface. The development of tapping mode AFM was a direct response to this issue,
with the main motivation of the technique being to minimise, or if possible avoid, surface
damage. Tapping mode aims to achieve this by short intermittent contact between the
tip and the surface, thereby minimising the deformation of the sample. There are many
studies demonstrating this; that soft samples experience less damage when examined
using tapping mode [157, 158].
With the introduction of tapping mode a wider range of materials can be imaged, particu-
larly those samples with biological importance. It should be stressed that the operation of
tapping mode AFM, with its lower force levels, does not remove the possibility of surface
deformation entirely during measurements. The ability to make measurements at a variety
of force levels is an important part of imaging in AFM and just as it is possible to alter
the tip-to-sample force in contact mode it is possible to vary this force in tapping mode.
In tapping mode, the variation can be achieved through the manipulation of the driving
amplitude A0 and the set-point amplitude Asp. The tip-to-sample force will increase with
a corresponding increase in A0 or an increase in the difference A0 − Asp.
In stark contrast to contact mode, the height images in tapping mode show only very
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minor changes with variation of the applied force. Rather, in tapping mode the frequency
and the phase of the oscillating probe is much more sensitive to the applied force. The
repulsive interactions between tip and surface cause the resonant frequency to shift to
higher frequencies. Attractive interaction will conversely lead to cause the resonant
frequency to decrease to lower frequencies. This in turn leads to a related phase change,
which is all explained by treating the probe as a harmonic oscillator. If the phase and
frequency are plotted in terms of x and y, as in a height image, it is possible to access
new information on the system regarding the surface topography.
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Appendix B
Manuscripts
B.1 Clarkson et al (2015) - Diffusion in Responsive
Gels
This Manuscript is the accepted publication sent to Macromolecular Rapid Commu-
nications. It contains the work describing the transition of PGMA-PHPMA gels with
changes in pH and temperature. Supplementary information is available at the Publication
website.
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gels at relatively high concentrations. [ 1,2 ] Judicious choice 
of the copolymer allows the design of hydrogels that are 
responsive to temperature [ 3,4 ] or pH. [ 5–8 ] However, it is rel-
atively unusual for such a copolymer to respond to both 
temperature and pH. 
 In principle, biocompatible block copolymer gels 
can be used as a long-term cell storage medium. [ 9 ] 
One promising candidate for such applications is a 
diblock copolymer comprising poly(glycerol mono-
methacrylate) (PGMA) and poly(2-hydroxypropyl meth-
acrylate) (PHPMA), which are conveniently prepared 
via polymerization-induced self-assembly [ 9–13 ] using 
reversible addition-fragmentation chain transfer (RAFT) 
aqueous dispersion polymerization. [ 14–16 ] This ver-
satile approach has enabled spherical, worm-like or 
vesicular copolymer morphologies to be generated in 
concentrated solution. [ 11,17–26 ] Such a nonionic PGMA-
PHPMA diblock copolymer exhibits a thermoreversible 
 The temperature and pH-dependent diffusion of poly(glycerol monomethacrylate)- block -
poly(2-hydroxypropyl methacrylate) nanoparticles prepared via polymerization-induced 
self-assembly in water is characterized using ﬂ uorescence correlation spectroscopy (FCS). Low-
ering the solution temperature or raising the solution pH induces a worm-to-sphere transition 
and hence an increase in diffusion coefﬁ cient by a factor of 
between four and eight. FCS enables morphological transi-
tions to be monitored at relatively high copolymer concentra-
tions (10% w/w) compared to those required for dynamic light 
scattering (0.1% w/w). This is important because such tran-
sitions are reversible at the former concentration, whereas 
they are irreversible at the latter. Furthermore, the FCS data 
suggest that the thermal transition takes place over a very 
narrow temperature range (less than 2 °C). These results 
demon strate the application of FCS to characterize order–
order transitions, as opposed to order–disorder transitions. 
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 1.  Introduction 
 It is well known that amphiphilic diblock copolymers can 
self-assemble in aqueous solution to form ordered micellar 
Macromol. Rapid Commun. 2015, 36, 1572−1577
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order–order transition from worms to spheres upon 
cooling from 20 to 4 °C, as a result of greater hydration of 
the core-forming PHPMA block at the lower temperature 
(Figure  1 a,c,d). [ 9 ] However, very recently it was reported 
that end-group chemistry can be exploited in order to 
introduce pH-dependent behavior in addition to such 
thermoresponsive behavior (Figure  1 b). [ 27 ] 
 More speciﬁ cally, a carboxylic acid-based RAFT chain 
transfer agent (CTA) was utilized in the preparation of the 
hydrophilic PGMA block in order to confer pH-dependent 
behavior on the nonionic diblock copolymer chains. [ 27 ] 
Thus raising the solution pH above the pK a of 4.7 causes 
ionization of the terminal carboxylic acid group and 
hence introduces anionic charge, which in turn leads to a 
pH-induced worm-to-sphere transition 
(Figure  2 ). [ 27 ] 
 Spherical diblock copolymer nano-
particles produce a low-viscosity, free-
ﬂ owing solution that can be readily 
sterilized via ultraﬁ ltration, which 
has important biomedical implica-
tions. [ 9 ] Aqueous dispersions of worms 
are much more viscous, with free-
standing gels being formed in semi-
dilute aqueous solution as a result of 
multiple inter-worm contacts. Below 
the critical gelation concentration, 
PGMA-PHPMA worms can diffuse 
freely in solution albeit rather more 
slowly than the (many) spheres from 
which they are formed. Thus moni-
toring the rate of diffusion is a poten-
tially powerful technique for character-
izing the worm-to-sphere transition. 
In particular, ﬂ uorescence correlation 
spectroscopy (FCS) is an excellent tool 
for measuring diffusion coefﬁ cients, 
because it allows access to a wide range 
of time scales. [ 28–32 ] FCS makes use of a 
confocal experimental setup to achieve 
high spatial and temporal resolution. 
Unlike confocal microscopy, FCS only 
requires a relatively low ﬂ uorophore 
concentration. This is because the latter 
is sensitive to ﬂ uctuations in ﬂ uores-
cence intensity and hence requires far 
fewer dye labels to diffuse through the 
confocal volume for analysis. In gen-
eral, the concentration of ﬂ uorescently 
tagged molecules should be of the order 
of 10 μmol m −3 , such that there is on 
average only one dye label within the 
detection volume at any given time. It 
is well established that FCS is an ideal 
tool for measuring conformational transitions [ 33,34 ] and 
for studying the behavior of polymeric micelles. [ 35,36 ] In 
the present study, the rate of diffusion is sensitive to the 
copolymer morphology, which makes this technique well 
suited for examining the diffusion of rhodamine-labeled 
diblock copolymer worms/spheres as a function of both 
pH and temperature. 
 2.  Experimental Section 
 A PGMA 43 macro-CTA containing a terminal carboxylic acid 
group was prepared via RAFT solution polymerization in eth-
anol using 4-cyano-4-(2-phenylethane sulfanylthiocarbonyl) 
Macromol. Rapid Commun. 2015,  36,  1572−1577
 Figure 1.  Top) Schematic cartoon of the reversible worm-to-sphere transition that occurs 
when PGMA-PHPMA diblock copolymer worms are subjected to: a) cooling below 13 °C 
at pH 3.5 or b) a pH switch via addition of base at 20 °C. Bottom) Transmission elec-
tron microscopy images obtained for PGMA 43 - block- P(HPMA 119 - co -GlyMA 1 ) copolymer 
diluted to 0.1 w/w % in acidic aqueous solution (pH 3.5) at c) 20 °C and d) 5 °C.
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sulfanylpentanoic acid (PETTC) as a CTA (Figure  2 ). [ 27 ] This near-
uniform water-soluble macro-CTA was then chain-extended 
via RAFT aqueous dispersion copolymerization of HPMA and 
GlyMA (targeting approximately one epoxy 
group per copolymer chain) at 70 °C at 
approximately pH 3.5.  1 H NMR studies con-
ﬁ rmed that a very high HPMA conversion 
(>99%) was achieved at 10% solids, while 
gel permeation chromatography analysis 
( N , N ′-dimethylformamide eluent) indicated 
a relatively high blocking efﬁ ciency (>90%) 
and a relatively low copolymer disper-
sity ( M w / M n = 1.20). The resulting HOOC-
P G M A  4 3 -  b l o c k  - P ( H PM A  1 1 9 -  c o  - G ly M A  1 ) 
worms formed a soft, transparent free-
standing gel at 10% w/w in mildly acidic 
solution (pH < 4). Rhodamine B (RhB) was 
used as a ﬂ uorescent probe; this dye label 
was incorporated into the hydrophobic 
P(HPMA 119 - co -GlyMA 1 ) core-forming block 
by reacting a sub-stoichiometric amount 
of rhodamine B piperazine with the pen-
dant epoxy groups (dye/epoxy molar 
ratio = 0.25). Using free rhodamine B piper-
azine dye to construct a Beer-Lambert linear 
calibration plot, visible absorption spectros-
copy studies of the dissolved ﬂ uorescently 
labeled diblock copolymer in methanol prior 
to dilution for FCS measurements suggested 
that 18% (compared to a target of 20%) of 
the copolymer chains were ﬂ uorescently 
labeled (see Figure S1 in the Supporting 
Information). Furthermore, high-perfor-
mance liquid chromatography analysis of 
the copolymer immediately after dye con-
jugation conﬁ rmed negligible contamina-
tion by the free dye (see Figure S2 in the 
Supporting Information). The dye content 
was sufﬁ ciently low that it had a negligible 
effect on the stimulus-responsive nature 
of the diblock copolymer chains. Moreover, 
the dye label concentration was maintained 
at ≈10 μmol m −3 during the FCS experi-
ments by diluting the labeled copolymer 
with an appropriate amount of unlabeled 
copolymer. Experiments investigating 
the thermoresponsive behavior of these 
rhodamine-labeled PGMA-PHPMA diblock 
copolymer nanoparticles were performed 
at pH 3.9; the copolymer was freeze-dried 
after its synthesis and then reconstituted 
using ice-cold water at this initial pH. [ 37 ] 
 All FCS data were acquired using an inverted 
LSM510 Meta confocal microscope equipped 
with a ConFocor2 FCS module. The setup was 
calibrated using free RhB dye in order to allow 
optimization of the pinhole dimensions, place-
ment, and ﬁ lters. RhB is a widely used ﬂ uores-
cent probe and has a diffusion coefﬁ cient of 
4.2 ± 0.3 × 10 −10 m 2 s −1 at 22.5 °C in water. [ 38 ] Thus, measurement of 
the rate of diffusion of free RhB dye allowed the observation volume 
to be determined. 
Macromol. Rapid Commun. 2015,  36,  1572−1577
 Figure 2.  Chain extension of a carboxylic acid-terminated PGMA 43 macro-CTA via RAFT 
aqueous dispersion copolymerization of HPMA with GlyMA to form a well-deﬁ ned 
PGMA 43 - block -P(HPMA 119 - co -GlyMA 1 ) worm gel at pH 3.5.
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 A Linkam FTIR600 stage equipped with a T20 system con-
troller was used to control temperature during FCS measure-
ments. The sample was placed in an Ibidi® μ-Dish 35 mm, high ) 
imaging dish. The temperature was lowered from 22 °C to the 
desired temperature for observation. After allowing 5 min for 
thermal equilibrium at each temperature, a series of FCS meas-
urements were made before returning to 22 °C. 
 For studies of the pH-dependent behavior of PGMA-PHPMA 
diblock copolymer nanoparticles, addition of a buffer solution 
was deemed inappropriate, as this would alter the concentra-
tion of the dye label. Instead, the copolymer was freeze-dried 
overnight from its aqueous solution. A small quantity was 
placed in each well of a Nunc Lab-Tek II 8-chamber slide. The 
copolymer was then dispersed in an ice-cold buffer solution at 
a well-deﬁ ned pH so that the chains adopted their equilibrium 
copolymer morphology (either worms or spheres) at each pH. All 
pH-dependent experiments were performed at 22 °C. 
 FCS data are acquired in the form of an autocorrelation func-
tion,  G ( τ ), given by
 
G t G G
n S1 1
3
D D
2
τ
τ
τ
τ
τ
( ) ( )= +
+⎛⎝⎜ ⎞⎠⎟ +
∞
 
(1)
 
 where  G ∞ describes the behavior at inﬁ nite time (for data such 
as these that ﬂ uctuate around a mean value,  G ∞ = 1),  G 3 ( τ ) is 
the autocorrelation of the triplet state decay,  n is the number of 
dye labels within the confocal volume,  τ D describes the charac-
teristic diffusion time of molecules within the confocal volume, 
and  S is a calibration parameter which depends on the width of 
the confocal volume (400–600 nm). The resulting curve describes 
the persistence of the ﬂ uorescence intensity over a given time 
period, and ﬁ tting is used to determine the physical parameters 
of the system. 
 Each measurement was made for 6 s and repeated 150 times. 
Measurements with average count rates less than 1 kHz were 
discarded. 
 To conﬁ rm conjugation of the RhB dye label to the PGMA-
PHPMA copolymer chains, preliminary FCS measurements were 
conducted without changing either temperature or pH. If free 
RhB were present, its contribution to the rate of diffusion would 
be detected. If a contribution from free RhB was observed, the 
sample was removed and puriﬁ cation was repeated until the 
only contribution to the correlation curve was from covalently 
bound RhB labels. All data presented herein were obtained for 
rigorously puriﬁ ed samples. 
 3.  Results and Discussion 
 Rheological experiments performed on the HOOC-PGMA 43 -
 block -P(HPMA 119 - co -GlyMA 1 ) diblock copolymer worm gel 
revealed their critical gelation temperature (CGT) to be 
13 °C (see Figure S3 in the Supporting Information). For 
Stokes–Einstein diffusion, a higher temperature leads to 
a corresponding increase in the diffusion coefﬁ cient for a 
given molecular or colloidal species. However, in the case 
of the HOOC-PGMA 43 - block -P(HPMA 119 - co -GlyMA 1 ) nano-
particles, this relationship breaks down as the relatively 
massive worms are converted into much smaller spheres. 
The characteristic temperature at which this transition 
occurs is the CGT and represents the difference between 
the rates of diffusion of spheres and worms, respectively, 
in aqueous dispersion. Worms and spheres were never 
observed in coexistence at any temperature or pH exam-
ined in this study. This suggests a relatively rapid transi-
tion between these two copolymer morphologies (within a 
timescale of seconds). 
 The diffusion coefﬁ cient was reduced by more than a 
factor of four with increasing temperature; see Figure  3 . 
Furthermore, the FCS data illustrate the sharpness of this 
thermal transition, with the change in diffusion coefﬁ -
cient occurring over less than 2 °C. The Stokes–Einstein 
equation was used to calculate hydrodynamic radii,
 
r k TD6 .H
B
πρ
=
 
(2)
 
 The corresponding hydrodynamic radii are 15 ± 
2 nm for spheres at 11 °C and 55 ± 14 nm for worms at 
15 °C. Here,  T is the absolute temperature, i.e., 284 and 
288 K, respectively;  ρ is the dynamic viscosity of water, or 
1.3 mPa s at 11 °C and 1.1 mPa s at 15 °C; [ 39 ]  D is the diffu-
sion coefﬁ cient calculated from curve-ﬁ tting; and  k B is the 
Boltzmann constant. The worms are highly anisotropic, 
but the Stokes–Einstein equation is strictly only valid for 
spherical particles in dilute solutions of low-Reynolds 
number; hence sphere-equivalent diameters are reported. 
Using Equation  ( 1) , the dye concentration was determined 
to be 16 ± 2 μmol m −3 for the spheres and 26 ± 3 μmol m −3 
Macromol. Rapid Commun. 2015,  36,  1572−1577
 Figure 3.  Diffusion coefﬁ cients determined for PGMA 43 - block -
P(HPMA 119 - co -GlyMA 1 ) nanoparticles as a function of temperature, 
illustrating the worm-to-sphere transition as the temperature is 
lowered below 13 °C (286 K). The inset shows selected FCS data 
collected either side of the transition. The solid lines represent 
ﬁ ts to Equation  ( 1) .
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for the worms. The difference between the two results is 
likely to be because dyes located in the same micelle are 
correlated. Visible absorption spectroscopy analysis of the 
dissolved copolymer chains indicated a rhodamine dye 
label concentration of 7 μmol m −3 . 
 In a control experiment, the hydrodynamic radius of 
the HOOC-PGMA 43 - block -P(HPMA 119 - co -GlyMA 1 ) diblock 
copolymer in methanol was measured to be 1.01 ± 0.04 nm, 
suggesting molecular dissolution of the copolymer chains 
under these conditions. This is consistent with small-
angle X-ray scattering (SAXS) studies recently reported for 
closely related PGMA 57 - block -PHPMA 140 in methanol. [ 37 ] 
Thus, the steady increase in diffusion coefﬁ cient that is 
observed in Figure  3 below the worm-to-sphere transition 
is consistent with the partial dissociation of the spheres 
to form near-molecularly dissolved copolymer chains at 
sufﬁ ciently low temperatures. [ 37 ] However, the tempera-
ture at which this order–disorder transition occurs is not 
reached in the current study, with the smallest radius 
observed being 8 ± 4 nm at 5 °C. 
 The pH-dependent behavior of the diffusion coefﬁ -
cient of the HOOC-PGMA 43 - block -P(HPMA 119 - co -GlyMA 1 ) 
nanoparticles is shown in Figure  4 . As the solution pH is 
increased above pH 4.0, the diffusion coefﬁ cient increases 
by a factor of approximately eight. Again, this indicates 
a worm-to-sphere transition, in this case caused by a 
rather subtle end-group ionization effect. [ 27 ] The critical 
pH observed for this worm-to-sphere transition (pH 4.2) is 
in good agreement with that indicated for closely related 
HOOC-PGMA 56 - block -PHPMA 155 diblock copolymer nano-
particles by rheology measurements [ 27 ] and also dynamic 
light scattering (DLS) studies of the HOOC-PGMA 43 - block -
P(HPMA 119 - co -GlyMA 1 ) nanoparticles (see Figure S4 in 
the Supporting Information). When considering the self-
consistency of the observed thermoresponsive behavior, 
it should be noted that the solution pH for the latter 
formulation was pH 3.9. Thus the diffusion coefﬁ cients 
are self-consistent when comparing identical conditions. 
 4.  Conclusions 
 In summary, FCS has been used to characterize two worm-
to-sphere transitions for HOOC-PGMA 43 - block -P(HPMA 119 -
 co -GlyMA 1 ) nanoparticles that can be induced by varying 
either the solution temperature or pH. The absence of sec-
ondary components at intermediate temperatures or pH 
values suggests that this order–order transition is relatively 
fast, as the two phases do not coexist on the time scale of 
a single FCS measurement. It is emphasized that FCS pro-
vides additional information compared to DLS, since the 
former technique enables such phase transitions to be 
monitored over the same semidilute concentration range 
as that employed for rheology studies, rather than merely 
in highly dilute solution. This is important, because the 
worm-to-sphere transition is reversible when conducted at 
copolymer concentrations of 5%–10% solids, but becomes 
irreversible at 0.1%–1.0% solids (i.e., in the DLS regime). 
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Library or from the author. 
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